Fieldwork complemented by SPOT image analysis throws light on current crustal shortening processes in the ranges of northeastern Tibet (Gansu and Qinghai provinces, China). The ongoing deformation of Late-Pleistocene bajada aprons in the forelands of the ranges involves folding, at various scales, and chiefly north-vergent, seismogenic thrusts. The most active thrusts usually break the ground many kilometres north of the range-fronts, along the northeast limbs of growing, asymmetric ramp-anticlines. Normal faulting at the apex of other growing anticlines, between the range fronts and the thrust breaks, implies slip on blind ramps connecting distinct active décollement levels that deepen southwards. The various patterns of uplift of the bajada surfaces can be used to constrain plausible links between contemporary thrusts downsection. Typically, the foreland thrusts and décollements appear to splay from master thrusts that plunge at least 15-20 km down beneath the high ranges. Plio-Quaternary anticlinal ridges rising to more than 3000 m a.s.l. expose Palaeozoic metamorphic basement in their core. In general, the geology and topography of the ranges and forelands imply that structural reliefs of the order of 5-10 km have accrued at rates of 1-2 mm yr−1 in approximately the last 5 Ma.
1988). Some (e.g. Molnar et al. 1993; England & Houseman 1 INTRODUC TION 1986 Dewey et al. 1988 ) also invoke homogeneous thickening and shortening of the Asian lithospheric mantle, The high elevation and great crustal thickness of the Tibet followed by convective removal of its lower part. plateau, between the Himalayas and the Kunlun, are generally
The lack of detailed mapping of Tertiary thrust zones within assumed to result from the India-Asia collision, but the Tibet, the lack of high-resolution seismic studies of its deep processes that have led to the situation observed today remain crustal and upper-mantle structure, the lack of convincing unclear. While Ni & Barazangi (1984) or Zhao & Morgan evidence documenting the way in which its elevation changed (1985) relate the formation of the plateau to wholesale since the Cretaceous, and the fact that it has been the site of underthrusting (Argand 1924) , or to injection of the crust of E-W crustal extension since the beginning of the Quaternary India beneath that of Asia, most authors view distributed (e.g. Armijo et al. 1986 ) have set the shortening and thickening of the Asian crust to have been the stage for enduring controversy. Besides, most extant models dominant mechanism (e.g. Dewey & Burke 1973; Molnar & Tapponnier 1978; Mattauer 1986a,b; addressing the formation of Tibet share a serious bias: they focus on deformation in the Himalayas and within the plateau in the shortening process, the way in which the Tibet plateau developed, and the origin of its flat topography. (Zhao et al. 1993; Nelson et al. 1996; Owens & Zandt 1997) rather than along its northern rim.
Active crustal shortening, however, occurs prominently 2 GROWING RAMP ANTICLINES, ACTIVE along and north of the Kunlun range, over much of northern DÉ COLLEMENTS AND BRANCHING Qinghai and Gansu provinces, from the Qaidam basin to the THRUSTS IN THE FORELANDS OF THE Tarim, Gobi and Alashan platforms (Fig. 1 ). This broad moun-TAXUEH AND TANGHENAN RANGES tainous region forms the northeastern edge of the Tibet highlands. North, east and west of the Qaidam, it is composed of 2.1 Morphology and age of the mountain piedmonts roughly parallel NW-SE-trending ranges, several hundreds of Steep mountain range fronts in NE Tibet ( Fig. 1) generally kilometres long and a few tens of kilometres wide (Qilian rise 2-3 km above piedmont bajadas of great size. Such broad, Shan, Taxueh Shan, Sulenan Shan, Tanghenan Shan, Qiman gently sloping Quaternary aprons result from the coalescence Shan, etc., Fig. 1 ). The ranges tower to 5500-6000 m, more of alluvial fans fed by the many streams that flow out of the than 4000 m above the Gobi desert. They are separated by ranges. The bajada shown in Fig. 2(a) , along the northern intermontane basins with altitudes between 2000 and 4000 m.
piedmont of the Taxueh Shan, south of Changma, is a typical The average topographic elevation (approximately 3500 m), example. The fanglomerates that compose its apron have been the presence of Quaternary folds and thrust faults (Guo & deposited as fluvial or fluvio-glacial terraces. While all of them Xian 1985; Xu et al. 1989; Tapponnier et al. 1990a; Meyer are of Late Quaternary age, they are not coeval. To a first 1991; Zhang et al. 1991) , the level of historical and instrumental order, on the SPOT image and in the field, three groups of seismicity (Institute of geophysics 1976), and thrust fault-plane deposits of increasing relative ages (a3, younger than a2, itself solutions (Tapponnier & Molnar 1977; younger than a1) may be distinguished on the basis of clast 1989; Ekströ m 1987; Chen et al. 1996) (Fig. 1 ) concur to size and consolidation, colour and relative elevation of the indicate that these mountain ranges are still growing, to surfaces that cap them, and degree of incision of such surfaces accommodate thickening of the crust. In the Qaidam basin, by erosion. seismic profiles and borehole data suggest that thrust faulting On the images of Figs 2, 3, 4 and 5, for instance, the dark and folding began after the Cretaceous, were most active in linear swaths correspond to the flood channels of the contemthe Mio-Pliocene, and continue at present (Bally et al. 1986) . porary drainage, floored by the youngest ( lowest) deposits of The region located north of the Kunlun is thus well suited the bajada (a3). The dark-grey colour results from denser to study the mechanisms by which thickening of the crust of vegetation due to more abundant seasonal and subsurface Asia now takes place, as well as whether and how the lithosphwater in the stream beds. Typically, such streams have incised eric mantle is involved. A strong incentive for such a study is several metres below the average level of the bajada. that this region may be viewed as a young outgrowth of the The surface that forms the bulk of the bajada apron (a2) Tibet plateau proper, with which it is contiguous (e.g. Molnar has a rather uniform light-grey hue on the SPOT image & Tapponnier 1978) . Hence, deformation mechanisms at work (Fig. 2a) . It has little internal relief, with only small rills, here today may resemble those that have contributed to the generally less than a couple of metres deep, meandering on its formation of the plateau.
top. Due to loess accumulation in them, the rills are a lighter As a step towards elucidating such mechanisms and their shade of grey. In the field, much of a2 itself is in fact coated bearing on the growth and uplift of orogenic high plateaus, by a thin blanket of loess, a few centimetres to over one metre we document here the existence, extent, and geometry of active thick. The blanket becomes thicker southwards, as reflected thrusts and growing folds in some of the mountains of Qinghai by its smoother texture and lighter, more even colour on the and Gansu. Our study is based on fieldwork, guided and image (Figs 2a, b) . Farther south, near the foot of the range, complemented by SPOT image analysis. Two regions, at the the uniform, barren bajada blends with a more densely incised northern foot of Taxueh Shan, and of Tanghenan Shan, were and vegetated (darker) surface. We interpret the more rugged targets of more detailed investigation and mapping. Particular morphology to result from the proximal accumulation of attention was given to quantitative assessment of the morcoarser debris of morainic origin, reworked by the streams phology, using either topographic maps (at scales of 15105 and that fan out when escaping the glacial valleys that reach the 15106) or levelled surface profiles. range front (Fig. 2) . We combine geological and structural observations with The oldest bajada fanglomerates are exposed along two measurements of surface warping and deformation to clarify narrow, ESE-trending zones that are conspicuous on the SPOT fold growth, the relationship between folding and faulting, and image (Figs 2a, b, and for greater detail, Figs 4a, b, and 5a, b) . to constrain plausible shapes of active thrusts down-section.
In both zones, such fanglomerates lie above, and are more We then use the insights gained on the geometry of thrust incised than the rest of the bajada apron ( Fig. 4c) , even though faulting along the Taxueh and Tanghenan Shan, with they appear to merge with it upstream or, at places, downadditional evidence from the Qilian Shan  stream. Occasionally, the surfaces that top them stand at Tapponnier et al. 1990a; Meyer 1991; State Seismological somewhat different levels, a few metres apart (Fig. 4e) . Overall, Bureau 1993) and the Qaidam basin, to draw inferences on however, these levels may be seen as only slightly diachronous the growth of the mountain ranges and thrusts, on the largecomponents of a distinct terrace surface (a1), which forms the scale organization of crustal shortening, and on its relationship highest and oldest geomorphological unit of the bajada. to strike-slip faulting. We finally attempt to place bounds on
The relative age inferred from morphological evidence for the amounts and rates of Late Neogene shortening and faulting each of the three units is consistent with the aspects of the fanglomerates in outcrop. Loose gravel and pebbles mixed north of the Kunlun, and discuss the role played by the mantle a distance of #20 km. On the north flank of Taxueh Shan, whose summit peaks at 5681 m, the tips of contemporary glacier tongues reach down to 4200-4300 m, approaching to within 5-6 km of the range front. The present-day snowline roughly follows the 4700 m elevation contour, while the permafrost line, the lower limit of the periglacial zone, is near 3700 m (Wang & Derbyshire 1987) . Where fresh-looking and well preserved, the lowest Wü rm terminal moraines in the northern Taxueh Shan stand at about 3600 m, 800-900 m below the present ones . Hence, during the last glacial maximum, large Wü rm glaciers probably flowed out of the range onto the uppermost part of the piedmont, while much of that piedmont was within the periglacial domain, a situation similar to that in the Ta Quen Kou basin (TQK, Fig. 1 ), 90 km to the east . We thus infer the morainic debris along the foot of Taxueh Shan (Fig. 2) to be mostly of late Wü rm age (20-15 ka BP, e.g. Duplessy et al. 1988; Bard et al. 1990) . At that time, much of the piedmont surface was probably smoothed out by efficient, periglacial mass transport processes (e.g. cryoplanation, gelifluction, etc.). Such superficial processes would not have allowed preservation of small-scale relief such as the fine incision network now visible on a1 or a2. Hence, that pluvial network, as well as the surfaces that bear it and their loess blanket, ought to postdate the Wü rm glacial retreat.
Thermoluminescence dating, with one-year-long dosimeter calibrations, of a comparable loess blanket, approximately 90 cm thick, sampled at two sites in the nearby Ta Quen Kou basin corroborates this inference. Both sampling sites yield comparable, upward-decreasing age sequences of 11.5±1.5 ka, 6.6±2.2 ka, 3.6±0.6 ka, and 9.4±1 ka, 4.4±0.7 ka, 1.8±0.35 ka, at shallowing depths of 80, 55, and 30 cm (Meyer 1991) . The loess layer thus postdates 10.7±2.3 ka BP, and most of the a2 fanglomerates of the bajada were deposited as a result of increased run-off in the piedmont prior to 8.4 ka BP, around the beginning of the Holocene. Even the oldest surface (a1) probably represents remnants of a terrace emplaced after deglaciation started (#14 ka BP, Fairbanks 1989; Bard et al. 1990) .
Together with the Yumu Shan bajada, 300 km eastwards ( Fig. 1) , whose age also appears to be mostly Holocene (e.g. Tapponnier et al. 1990a) , the Taxueh Shan bajada is the foreland fanglomerate apron that we studied in most detail. We infer, however, from their similar aspect on SPOT images and topographic maps, that many other Quaternary bajadas 
Shortening in the Taxueh Shan piedmont
The two narrow zones where the highest terrace (a1) is exposed across the Taxueh Shan piedmont trend roughly perpendicular with sand and silt fill the a3 channels, while alternating layers of sandy and pebbly conglomerate characterize a2. Better to the drainage direction (Fig. 2 ). In the field, both zones thus form rows of hills separated by contemporary drainage chancemented, more consolidated, cobbly conglomerate is associated with a1. nels (Fig. 3a) . The hills stand above the average surface of the bajada apron (a2), interrupt its continuity, and break its The average elevation of the Taxueh Shan piedmont is high (#3100 m). From about 3600 m at the foot of the range (Fig. 2) otherwise uniform slope (Figs 2, 3, 4 and 5) . There is ample evidence, described below, that such hill rows are of tectonic the bajada descends regularly northwards to about 2600 m (at the NW corner of Fig. 2) , with a slope averaging #2.85°over origin and mark the top of two actively growing anticlinal ridges above south-dipping thrust ramps. For lack of local view, the stream channels that wander within the generally divergent fan pattern of the bajada tend to converge into fewer toponyms to designate these features, we refer to them as the north-and south-hills anticlines. channels as they cross the hill zone. Water flow is thus funnelled into bottleneck narrows, or 'cluses', that separate ( Fig. 3a) almond-shaped patches of uplifted terrace (a1), elongated in 2.2.1 North-hills (Beishanzi ) anticline the direction of flow (Figs 4a, b and c) . Upstream, such terrace patches merge smoothly with the bajada surface (a2), forming The north side of the northern hill row, about 16 km north of the range front, is bounded by a thrust fault-the Taxueh Shan spearheaded tongues, as the amount of relative uplift between a1 and a2 gradually decreases (Figs 4b and c). Downstream, piedmont thrust-whose trace is conspicuous on the SPOT image (Figs 2 and 4a,b) . The thrust trace, about 30 km long, by contrast, the active thrust sharply truncates the patches at their widest. On the images, on the 15105 topographic map is composed of right-stepping, en échelon segments with festooned shape (Figs 2 and 3c ). The segments along the biggest (Figs 4a and c) and in the field, there is good evidence that the stream channels crossing the north-hills anticlinal ridge hills display clear south-pointing cusps at intersections with main stream channels (Figs 2 and 4), as expected for a southbecame narrower and deeper, and hence more localized, by successively abandoning older terrace levels on the sides. The dipping thrust. At both ends of the thrust trace (NW and SE corners of Figs 2a,b) we found, and followed for a few existence of such levels adds to the composite, locally diachronic nature of a1. kilometres in the field, a north-facing, 30-75 cm high scarp (Figs 3b,c) . The freshness of that scarp [exposed gravels on its Sections along stream channels show the uppermost fanglomerates, which roughly parallel the top surface of terrace a1, rather steep face (25-30°N), small bushes aligned along its base, or in places loose soil without turf, as if freshly plowed, unconformably capping gently folded, more consolidated fanglomerates (Figs 4e and f ). The angle of unconformity is in and small pressure ridges poked with rodent holes] implies that it is a surface break of the 1932 December 25, M=7.6, general small, varying across section from a few degrees in the south to about 10°in the north. Steeper dips (up to 30°N) Chang Ma earthquake, making the Taxueh Shan piedmont thrust one of five large fault strands ruptured by that great locally exist near the cumulative thrust scarp (Fig. 4f ) . Folding of the Late Quaternary piedmont fanglomerates thus appears earthquake (Meyer 1991) .
The maps and sections of Fig. 4 display the morphology to increase with deposition age and is asymmetric (northfacing), a straightforward consequence of north-vergent thrustand superficial structure of the northern hill row, as well as the geometry of the underlying anticline (north-hills anticline) ing. Although exposure is limited to cliffs at most #20 m high (Figs 4c and e), it is likely that the degree and asymmetry of and of the thrust ramp compatible with that structure. In map Table 1. folding increase further with depth. 15 km to the northeast, at most prominent unconformities within that sequence ought to correspond chiefly to the onsets of interglacial periods (for Xiao Kouzi, in the hanging wall of another north vergent active thrust, the Changma thrust (Meyer 1991) , a tight example, the folded #125 ka unconformity represented in Fig. 4f ). recumbent fold of Cretaceous red beds (Gansu Geological Bureau 1975) is exposed under the gently warped, distal In summary, the northern hill row is a remarkable example of the geomorphic expression of an active fault-propagation fanglomerates of the Taxueh Shan Bajada, here only a few tens of metres thick (Meyer 1991) . Hence, we infer the base of the anticline in a rather dynamic environment of fluvial deposition. Because of its exceptional location within a periglacial area, it much thicker fluvio-glacial Quaternary sequence beneath the northern hill row to be folded in a comparable tight manner provides a 'snapshot' (with a geological 'exposure time' of about 14 ka) of a ramp anticline caught in the process of active (Fig. 4f ) , within the faulted, asymmetric core of the north-hills anticline. The uppermost part of the section suggests that the growth and uplift, complete with 'bottleneck cluses' separating in the Liupan Shan, east of Gansu, range mostly between 40°a nd 60°. More specifically, where exposed in a small gully east of Sange Quan, #20 km east of the north-hills anticline, the measured dip of the Changma thrust, closest neighbour of the Taxueh Shan piedmont thrust, is 40°S (Meyer 1991; State Seismological Bureau 1993) . 80 km eastwards, the Ta Quen Kou fault, which may be considered an eastern splay of the Taxueh piedmont Shan thrust, dips 55°±5°S . We thus take 45°±15°S to be the most plausible dip of that thrust under most of the northern hill row.
It is possible to infer more about the depth and kinematics of thrusting with a quantitative assessment of the relief above it. The amount of surface warping recorded by the visible uplift of the postglacial terraces may be obtained, at complementary scales, from the 15105 topographic maps and from levelling in the field. The difference between paired profiles roughly perpendicular to the thrust, one across a given hill contemporary depositional surface. Fig. 4(d) shows 10 pairs of 7-9 km long profiles across the western part of the north-hills anticline, derived from the map of Fig. 4 (c). Although precision is limited by the equidistance of the elevation contours on that map (20 m), the anticlinal shape of the hills is clear on all the profiles, being constrained by at least three point pairs. The anticlinal bulge makes only a local disturbance, up to 25 m high and 1.4-2.1 km wide, on the otherwise regular bajada surface (Fig. 4d , Table 1 ). As befits sedimentary fans, the bajada is in general slightly concave upwards, with a slope angle of as much as 3.2°N south of the anticline and as little as 2.5°N north of it (Fig. 4d , Table 1 ). The width and height of the bulge diminish both eastwards and westwards (Fig. 4d , Table 1 ), towards the extremities of the corresponding thrust segment, in keeping with the decrease in length of the a1 terrace tongues (Fig. 4b) .
A more accurate shape of the anticlinal bulge was obtained Gaudemer et al. 1995) . The highest Unconformities are assumed to correspond to the onset of the last stand of terrace a1 on the hill top lies 25±0.5 m above the two interglacials. The thickness of Quaternary is taken to be similar stream bed below (a3). The asymmetric shape of the anticlinal to that in neighbouring sites where stratigraphic log is known (Gansu bulge comes out clearly on the hill-top profile. The gentle Geological Bureau 1975; Xu et al. 1989) . Postglacial fanglomerates are shaded. See discussion in text.
(#1.2°N), undisrupted slope of the south limb, #1.9°less than the local bajada slope, contrasts with the rather steep (#20-25°N on average), #10-12 m high cumulative scarp to 'spearheaded', 'almond-shaped' terrace tongues, all of them truncated by fresh surface scarps that testify to seismic the north. The zone of uplift is #1.6 km wide, close to the average bulge width (#1.8 km) visible on the SPOT image movement on the thrust ramp underneath.
Since the Taxueh Shan piedmont thrust splays and shallows and derived from Figs 4(c and d) ( Table 1) . Although there is #4 m of local entrenchment of the contemporary stream-bed near the surface (Figs 3c, 4b,f ), its average dip under the northhills anticline may only be estimated. In general, dips of active near the cumulative scarp, there seems to be no detectable cumulative vertical offset of the bajada slope upstream and continental thrust ramps in sediments vary between 30°and 70°(e.g. Yeats 1983 Yeats , 1986 Suppe 1983; Philip & Meghraoui downstream from the anticline, within the precision of our measurements. Nor is there any great change in the bajada 1983; Tapponnier et al. 1990a; Meyer et al. 1990; Chen et al. 1996) . found such thrust ramps to dip slope gradient (#3.1°N upstream, and #2.6°N downstream), whose average (2.85°N) is identical to the 20 km average and 55±5°S along the Dzungarian piedmont of the Tien Shan, in a Quaternary tectonic environment broadly comparable to to the long-profiles slope average (Table 1) . The topographic measurements thus support quantitatively the observation, in that of western Gansu. Dips measured by Zhang et al. (1991) Fig. 5(a) . Spearheaded almond-shaped tongues of uplifted a1 and a1-2 (stripes) terraces, due to fold growth, are not truncated by thrust trace. Roughly parallel scarps facing south (sunlit) or north (shaded) along the anticline apex (see Fig. 5a ) testify to active surface deformation, in all likelihood normal faulting, near its hinge. than the entrenchment of a3 near the thrust scarp and probably small enough to have been smoothed out by deposition or erosion processes away from the thrust. It seems doubtful, however, that such processes could smooth out more than a few metres of uplift. We conclude that a décollement south of the north hills would be unlikely to dip south by more than #10°, and take 5°±5°as the most plausible value. With the rules commonly used to constrain the geometry of growing fault-propagation folds (e.g. Suppe 1983; Jamison 1987) and the dip assumed for the thrust ramp, bulge widths of 1.6-1.8 km would imply depths of #1.1-1.2 km for the ramp termination or ramp-to-flat kink (Fig. 4f ) , appropriate for it to lie in the weak upper-Neogene mudstones under the coarse, competent lower Quaternary conglomerates (Xiyu fm.) that characterize the regional late-Cenozoic sedimentation here, as in much of western China (e.g. near Yumen, State Seismological bureau 1993; in the Tien Shan, ). 
South-hills (Nanshanzi ) anticline
anticline is inferred to result from fault-bend folding above blind ramp About halfway between the trace of the emergent Taxueh Shan linking two active décollement levels. Kinematic compatibility results piedmont thrust ramp and the range front, #8 km south of in hinge-normal faulting. Triple junction instability may cause hangingwall normal faults to stop and move passively towards the foreland the north-hills anticline, bottleneck cluses in the drainage, (e.g. Avouac et al. 1992) . Stratigraphy, as in Fig. 4 (f ). Due to lack of separating almond-shaped patches of uplifted, incised terrace field measurements, this section is more qualitative than that of fanglomerates (a1) signal the existence of another contempor- ary anticline, the south-hills anticline, whose growth has formed the other hill row of the piedmont (Figs 2 and 5). map view on the SPOT image, that a1 and a2 merge upstream
The morphology of the southern hill row, which we could and that stream channels are not deeper south than north of not reach in the field, differs from that of the northern one. the anticline.
On the SPOT image, the terrace tongues have a more symThat the bajada slope is not offset or warped on a large metrical shape, with spearheaded tips both upstream and scale, except within a few hundred metres of the cumulative downstream, and no trace of an active thrust trace truncating thrust scarp on the stream-bed profile, implies either that the them either to the north or south (Figs 5a and b). Many thrust plane terminates downwards at a shallow depth, at most parallel #EW-striking fault scarps cut the upper surface of of the order of the anticlinal bulge width, or that it kinks the almond-shaped terrace patches where they are widest and rather sharply at such depth into a décollement (Fig. 4f ) .
highest, therefore roughly at the apex of the anticline. The Given the accuracy of our field profiles, such a décollement scarps tend to be right-stepping, slightly oblique to the antiwould have to dip at a very shallow angle. Assuming the thrust clinal axis. In general, the northernmost scarps are lit by the ramp under the north-hills anticline to dip 45°S, and resolving sun, i.e. face towards the south, while the southernmost ones the 25 m surface uplift of a1 on the deeper part of that ramp are shaded and face north (Figs 5a and b) . The scarps that implies #33 m of postglacial slip on it. This amount of slip face north tend to be more continuous and prominent than on a décollement dipping 10°S would have generated #7.5 m those that face south. To the east, a particularly large, northof cumulative uplift south of the anticline. Since the bajada facing, ENE-striking scarp appears to crosscut smaller scarps surface (a2) is younger than a1, the vertical uplift of its slope that more closely parallel the average strike of the anticlinal axis. could plausibly be a few metres only, an amount no greater With the SPOT image as sole source of information, we can fresh, steep, conjugate surface scarps along the hinge of the anticline. Such scarps are most simply interpreted to reflect assess only qualitatively the main traits of the structure of the south-hills anticline, by comparison with that along the north compatibility normal faulting due to bending of the strata within a seismically growing fault-bend fold ( Fig. 5c ) (e.g. hills. The length of the uplifted terrace patches is about 3.5 km on average, everywhere greater than the maximum width of Avouac et al. 1992) . Despite the lack of topographic profiles, the apparent incision depth on the SPOT image suggests that, the north-hills anticline (2.1 km), (Figs 2, 4 and 5) . The channels that separate these patches, and certain rills that like the north-hills anticline, the south-hills anticline is a localized bulge within the bajada apron (Fig. 2) . Hence, the incise their surface, seem to have somewhat greater depths and steeper sides than channels and rills in the north hills. The blind ramp beneath it extends downwards to only limited depth. The section drawn on Fig. 5(c) , which we find to be, for spearheaded a1 tongues north of the anticlinal axis tend to be shorter than those south of it, reflecting some degree of reasons discussed below, most consistent with surface evidence, depicts the blind ramp linking two décollement levels at asymmetry, with the north limb of the anticline being somewhat steeper than the southern one. different depths within the sedimentary cover (Fig. 5c ). The multiple scarps along the axis of the anticline must result from contemporary faulting because they can be traced 2.2.3 Overall geometry of thrusting across most of the rills that incise the terrace surface. The rectilinearity of their traces suggest faulting on steep planes.
That contemporary shortening north of the Taxueh Shan involves the coeval growth of two different, roughly parallel, By comparison with the rills they cut, we infer these scarps to be a few to several metres high, a cumulative result of repeated ramp anticlines, 20-30 km long and as much as 8 km apart within the piedmont bajada (Figs 2 and 6a,b), makes it worth slip during earthquakes comparable to, and in all likelihood including, that of 1932. Although the location of the scarps examining whether they are related to one another, and how. implies that they reflect deformation during incremental fold growth, the exact deformation mechanism is harder to assess short of detailed fieldwork. The simplest interpretation is that the scarps result from roughly conjugate normal faulting at the apex of the anticline (Fig. 5c) . A somewhat greater amount of downthrow towards the north would account for the slight pre-eminence of the north-facing scarps and a small component of left-slip, for their right-stepping, en échelon arrangement (Figs 5a and b) . This overall geometry is closely comparable to that of the normal fault array at the apex of the anticline along the central segment of the Ech Cheliff thrust, in Algeria, that was activated by the 1980 October 10 El Asnam earthquake (e.g. King & Vita-Finzi 1981; Philip & Meghraoui 1983; Meyer et al. 1990; Avouac et al. 1992) . A different interpretation might be that such scarps, which are numerous, closely parallel to one another, and south-or north-facing, respectively, north or south of the anticline axis, result from flexural slip between competent beds in steep fold-limbs hidden beneath a relatively thin layer of unconformable Quaternary fanglomerates. Such a mechanism of deformation (Yeats et al. 1981 ) is common in young, growing folds north of the Qilian Shan and Tien Shan (Tapponnier et al. 1990a; . We doubt that it operates here, however, at least near the surface, because the most prominent scarps lie within a few hundred metres of the fold axis, in a narrow belt following the fold hinge, and because the thickness of rather gently dipping mid-upper Pleistocene fanglomerates close to the range front is unlikely to be less than a few hundred metres (Fig. 5c ) (Gansu Geological Bureau 1975; Xu et al. 1989) .
In summary, the evidence visible on the SPOT image implies that the southern hill row is the surface expression of a fairly broad feature, about twice the width of its counterpart along the northern hill row, and with somewhat greater amplitude. It probably folds a sedimentary pile about twice as thick. Like the north-hills anticline, the south-hills anticline is asymmetric (north-facing), which is consistent with north-directed slip on an underlying thrust ramp. The more subdued asymmetry than that visible across the north-hills anticline, however, occurs on such a blind ramp is attested by the existence of Although such anticlines could reflect active thrusting on two independent ramps (Fig. 6c) , we find this hypothesis untenable. Given the limited width of the anticlinal bulges, the ramps, whose most plausible dips are ≤60°, are unlikely to reach depths greater than #5-6 km and probably terminate short of the metamorphic basement, within Meso-Cenozoic sediments. The north-hills ramp, which bears a surface break unquestionably related to the M#7.6 Changma earthquake, could not reach deeper than about 2 km, and more likely extends 1.1-1.2 km down, to near the base of the Quaternary conglomerates (Fig. 4f ) . From a mechanical point of view, it is doubtful that such a shallow thrust could have been activated by such a large event without being physically connected to a deeper seismogenic structure. Therefore, we infer both ramps to be linked with a deep thrust fault, beneath the mountain basement to the south, by means of shallower-dipping flats, as shown in the sections of Figs 6(d)-(f ).
Further support for the hypothesis of interconnected southdipping ramps and flats comes from the observation that the distances between the north-and south-hills anticlines, and between them and the range front, decrease as the Taxueh Shan foreland basin narrows, and hence shallows towards the east (Fig. 2) . This implies that the depths of certain horizons, which depend on sedimentary thickness, exert a strong control on faulting (e.g. Armijo et al. 1986 ): the fold axes and underlying ramps converge because the diminishing thickness of the shortening above the junction between that ramp and the flat, and ought to induce reverse faulting. Section 6(e), which depicts a thrust triple-junction under the south-hills anticline, ing in the Taxueh Shan. It outlines the simplest way to account for surface observations without subsurface information or minimizes such shortening but raises another problem. Since the height of the south-hills anticline-hence the amount of geodesy. Although the range front is marked by a distinct break in topographic slope, there is only subdued, discontinupostglacial slip on the ramp beneath-appears to be at least of the order of that of the north-hills anticline, slip-conservative ous evidence for Late Quaternary surface faulting along that slope break (Fig. 2) . Hence, while the youthful mountain range kinematics at the junction require that the 5°-10°S-dipping foreland flat steepens by at least 15°-20°after meeting with must be underlain by a prominent Late Cenozoic thrust ramp (F), bringing Precambrian basement on top of Cretaceous and the lower tip of the 40°-50°S-dipping south-hills ramp. Such steepening would result in visible uplift, hence deeper incision, Neogene sediments (Gansu Geological Bureau 1975) , the trace of that ramp at the foot of the range (R1) is no longer the of the bajada surface south of the south-hills anticline, which is not observed. A flat linking the north-hills ramp to the primary site of movement. Instead, most of the present-day slip appears to be transferred towards the north by a shallow upper tip of the south-hills ramp as shown in Fig. 6(f ) , on the other hand, would be the simplest way to transfer surface slip south-dipping décollement. We infer this décollement (D1) to be guided by a flattish sedimentary interface several kilometres to that ramp, then to a deeper flat, eventually allowing a single thrust surface to reach deep enough within the crust to rupture deep, possibly an unconformity at the base of the Mesozoic cover, or within Palaeozoic basement rocks. 8 km north of the in a large earthquake. The geometry of section 6(f ) also accounts most simply for the blindness of the ramp beneath range front, beneath the south-hills anticline, the thrust ramps up (R2) to a shallower décollement (D2), probably located the south-hills anticline and for the occurrence of normal faulting, compatible with rough conservation of slip at depth, near the Neogene-Lower Quaternary interface. Emergence of the active thrust eventually occurs as much as 16 km north of at the apex of that anticline (e.g. King & Vita-Finzi 1981; Meyer et al. 1990; Avouac et al. 1992; Lacassin et al. 1993) .
the range front, along the north-hills ramp (R3).
The most robust feature of the simplified section of Fig. 7 (a) The schematic section drawn in Fig. 7 (a) summarizes our preferred interpretation of present-day shortening and thrustis the overall geometry of the Taxueh Shan piedmont thrust, which seems inescapable. The section itself, however, is not reported in the log of the Yumen drill-hole (Gansu Geological Bureau 1975) (Fig. 8) , and those depicted on sections across uniquely constrained because the dips-which are tied to the depths-of the ramps and flats are not precisely known, even the western Hexi corridor, at the foot of the Qilian Shan (Xu et al. 1989) (Fig. 1) , reveal a drastic surge of that rate in the though the values chosen (45°and 5°S, respectively) yield décollement-horizon depths consistent with known stratiLatest Miocene, most probably around 5-6 Ma. Even allowing for compaction, the surge implies a many-fold increase of graphic thicknesses in the western Hexi corridor (Gansu Geological Bureau 1975; Xu et al. 1989) (Fig. 8) . Such detrital influx in the basins. Short of a change towards a wetter climate, for which there is little evidence at that time in central limitations taint the inferences derived below.
As drawn, the section implies at least #7 km of structural Asia (Métivier & Gaudemer 1996) , such a surge may be taken to mark the onset of regional mountain building and sustained throw on the deepest part of the thrust (F), much of it probably since deposition of the Neogene mudstones, in keeping with high-angle thrusting. the observation that the Taxueh Shan range is one of the largest, highest, and thus presumably fastest-rising wedges of 2.3 Shortening in the Tanghenan Shan (Humbolt range) crust in the region. Although the contemporary geometry piedmont suggests migration of the thrust away from the range and fairly recent localization of R3, our data are insufficient to
The Tanghenan Shan, about 140 km southwest of Changma, is another of the great NW-SE-trending ranges of northeastern assess the timing and detailed mechanism of such a sequential development. It suffices, however, to place plausible bounds Tibet ( Fig. 1 ). Like the Taxueh Shan and the Qilian Shan, it appears to be rising fast, reaching maximum elevations of on the Holocene slip rate and age of the thrust. We take the age of the top surface in the north-hills, which we infer to be #5700 m. It is bounded on either flank by Late Cenozoic faults and folds, roughly outlined by geological contours on younger than the Wü rm glacial retreat (#14 ka BP) but older than the bajada loess layer (#10.7±2.3 ka BP), to be available maps (Gansu Geological Bureau 1975) and clearly visible on Landsat images. On SPOT images, such recent 11.2±2.8 ka BP. With D2 at a depth of #1.1 km (Figs 4f and 7a), the cross-sectional area of the north-hills anticlinal bulge tectonic features are particularly prominent across the northern foreland of the range, on the south side of the Yanchiwan on P1-2 (#25.5×103 m2, Fig. 4f ) implies about 23 m of horizontal shortening during that time, which translates intermontane basin ( Fig. 9 ), where the surface morphology shares many of the tell-tale characteristics that typify active into Holocene rates of shortening-or slip on D2-of #2.1±0.6 mm yr−1. With slip conserved from D2 to D1 across thrusting and fold growth in the Taxueh Shan foreland, and thus permits fairly elaborate analysis, even though we did not R2 (inset vector diagram, Fig. 7a ), and negligible contemporary movement on R1, the thrust rate on the deep ramp (F) visit the area in the field. The Yanchiwan basin is asymmetric. The northern, lowest underlying the Taxueh Shan would be the same. Assuming F to dip 45°S would imply that rocks in the mountain range half of the basin, at an altitude of about 3200 m, is drained by the Tang He river. Its 8-10 km wide floor is covered by marsh have been tectonically uplifted at a rate of about 1.5±0.4 mm yr−1 relative to distal piedmont deposits during flats ( Fig. 9a ), rimmed in places by abandoned shorelines that imply the existence of a former lake, possibly of Early Holocene the Holocene. If such an uplift rate had been uniform prior to the Holocene, 5±1.3 million years would have been sufficient age. North of the river, the marshes abut a rejuvenated planation surface that dips 4°-5°S, exposing Precambrian and to create the minimum Late Cenozoic structural relief on the north flank of the range. As drawn, the section would imply Palaeozoic rocks (Gansu Geological Bureau 1975; Defense Mapping Agency 1973 . South of the river, they merge coeval movement on R1 and R2 during much of the recent uplift history of the Taxueh Shan, hence probably slower slip smoothly with the toes of contemporary fans that form the distal part of a bajada, comparable to that north of Taxueh on the foreland thrust than now, but the inference that most of the relief of the mountain might be of Plio-Quaternary age Shan ( Fig. 9a ), which rises gently southwards to the Tanghenan range front. Using similar criteria to those in the Taxueh Shan finds support in the sharp change of sedimentation rate recorded in a comparable foreland basin, about 50 km to the piedmont, three principal fanglomerate units of increasing age, which we refer to by similar symbols (a3, a2, a1) may be ENE. The Late Mesozoic-Cenozoic stratigraphic thicknesses distinguished (Figs 9a and b). Beige-coloured loess, possibly reworked by wash in places, and much thicker in the south than in the north, mantles broad areas of the main bajada surface (a2). Significant parts of the a2 surface may be younger than the Wü rm glacial retreat. The bajada slope is broken into two distinct, 4-6 km wide steps by two conspicuous, NW-SE-trending zones along which fanglomerate terraces are strongly uplifted and incised (Figs 9a and b). As in the Taxueh Shan piedmont, both zones appear to be rows of hills separated by entrenched channels of contemporary streams (a3), which flow towards the northeast, orthogonal to the range. By comparison with the north hills, we interpret such hill rows to signal the emergence of two observation that, in places, the two traces cut inset lateral compared to that north of Taxueh Shan on the images, the Tanghenan Shan range-front ramp seems more active. As in terraces all the way to the seasonal flood channels implies that both are periodically rejuvenated by earthquake surface breaks.
the Taxueh Shan, however, a large fraction of the contemporary thrusting appears to be taken up north of the range, by ramps Hence, as in the Taxueh Shan, both thrust surfaces must somehow reach seismogenic depths. What can be assessed of R1 and R2 within the foreland. We interpret this to reflect slip partitioning between two splays (R0 and F) of a deeper thrust the morphology and superficial stratigraphy from the images suggests, however, a major difference in their deep geometry. ramp (F∞) responsible for the large-scale uplift of that range. With the dips taken in Fig. 7 ( b) and the distance between the South of the northern thrust ramp (R2), bottleneck cluses separate spearheaded tongues of uplifted terrace (a1) that surface traces of R0 and R1, those two splays would merge at a depth of approximately 12 km, isolating the R0-R1 basement merge upstream with the bajada surface (a2), a situation similar to that in the north hills, north of Taxueh Shan. Hence, R2
wedge, whose wholesale rise leads to fairly uniform surface uplift of the bajada step closest to the range. Further partitionmust reach the surface by slicing through the north limb of an asymmetric (north-facing), growing fault-propagation anticline.
ing of slip occurs at the junction between R1 and D, possibly near the base of the Neogene, permitting a final slip fraction The core of that anticline, which includes steeply south-dipping, mostly upper-Neogene, pink-mudstone beds (N2, Gansu geoto reach the surface along the trace of R2, the farthest and probably most recent localization of the Tanghenan Shan logical Bureau 1975), recognizable from their yellowish shade on the Landsat image (e.g. , is in fact piedmont thrust, 8-9 km north of the range. Note that the composition of slip at the junction between F, R1 and D (inset exposed farther east along-strike across the Tang He marsh flats. From the length of the terrace tongues, the width of the vector diagram, Fig. 7b ) is precisely that which can be ruled out under the south-hills anticline, north of Taxueh Shan anticlinal bulge is about 2-2.5 km, comparable to the width of its Neogene core where not hidden under the bajada apron.
( Fig. 6e) . Although the deep geometry of the section in Fig. 7 ( b) is different from that in the Taxueh Shan, it also As for the Taxueh Shan north-hill ramp, we interpret this localized bulge to reflect the fact that R2 flattens southwards implies many kilometres of cumulative late Cenozoic throw on the Tanghenan Shan thrust. Moreover, since the ranges' topointo a shallow south-dipping décollement (D, Fig. 7b ). Taking R2 to dip at least as steeply as 45°S, in view of its linear trace graphic and structural reliefs appear to be similar, and since the aspect of cumulative foreland thrust scarps on the SPOT and of the attitude of the Neogene beds, would imply a rampto-flat kink at least 1.5 km deep (Fig. 7b) . Such a depth is image implies roughly comparable postglacial shortening and uplift rates, the ages of the two mountains may not be consistent with the observation that the anticline folds a section of Late Cenozoic sediments that bottoms in the pink uppervery different. In summary, active shortening of surface deposits in the Neogene mudstones brought to outcrop by R2 near the Tang He river.
basins separating the ranges of northeastern Tibet results in patterns of uplift, warping and folding that permit first-order South of the southern thrust ramp (R1), gently northdipping, dark-grey Quaternary terraces (a1 and older) belongreconstruction of the geometries of SE-dipping seismogenic thrusts down-section (Fig. 7) . To a degree, the geometries ing to the proximal part of the bajada lie unconformably upon rocks with denser yellow hue on the Landsat image, which shown in sections 7( b) and (a) may be seen to represent two successive stages of the migration of young thrusts that root probably correspond to mostly early Neogene, deep-red sandstones (N1, Gansu Geological Bureau 1975; Xu et al. 1989) .
beneath the ranges into forelands with fairly dynamic contemporary sedimentation. In either case, localized, kilometre-wide In contrast to what is observed south of R2, the terraces are uplifted all the way to the slope break marking the base of the foreland anticlines, whether of fault-propagation or fault-bend type, appear to reflect flat-to-ramp bends at rather shallow steep range front, another 5 km farther south. The sharpness and continuity of that break, which follows the main tectonic depths. At the scale of each range, the active thrusts flatten underneath the foreland sediments, which makes them break contact placing Ordovician rocks on top of Neogene and Quaternary clastics on the geological map (Gansu geological the surface far from the mountains, all the farther as the foreland flexural fill is thicker (e.g. see also Bureau 1975) , implies that the range-front base itself coincides with the emergence of an active thrust ramp (R0, Figs 7b and Armijo et al. 1986 , for splaying normal faults), but plunge steeply into the deeper crust beneath the range-front slope 9b). The uplift of the a1 fanglomerate terraces between R1 and R0 appears to be relatively uniform, because the side cliffs of breaks. While similar thrust systems are commonly exposed in fossil the contemporary drainage channels keep roughly the same height across the entire R0-R1 fault step (Fig. 9 ). This suggests foldbelts, it is rarer to witness them at work, in the act of migrating (Ikeda 1983 ) and dynamically creating relief in such wholesale uplift of the basement wedge between R0 and R1, without detectable, short-wavelength, contemporary surface a clear way. Going beyond the scale of shallow thrusts along the foreland of a single range, we now investigate the distrifolding on the image of Fig. 9 (a). Thus, although topographic profiles might reveal slight surface warping across the entire bution and interrelation of thrusts along different ranges, and what their fate might be at depths greater than 15 km. width of that wedge, the morphological features visible on the image suffice to conclude that R1 extends much deeper than R2.
The section of Fig. 7 ( b) outlines the overall thrust geometry 3 REGIONAL ORGANIZATION OF LATEthat we find most plausible north of Tanghenan Shan. Since it CENOZOIC FAULTING AND ORIGIN OF emplaces lower-Palaeozoic onto Neogene and Quaternary THE MOUNTAIN RANGES OF NE TIBET rocks, the thrust ramp along the range front (R0) has probably absorbed a few kilometres of late Cenozoic shortening and
In addition to the examples seen on the north sides of the Taxueh and Tanghenan Shan, there is prominent evidence for produced, given its fairly linear trace and hence probably steep dip (>45°), an even greater amount of uplift. When Quaternary thrusting at the foot of many other 'West-Qilian' ranges, and along folds in the Qaidam basin. The maps of prominent, N70°E-striking, shallow SE-dipping thrust that emplaces pink, schistose Pliocene mudstones on top of flat, Figs 10(a and b) and the sections of Fig. 10(c) show the relationship of such thrusting to the regional topography and Mid-Pleistocene conglomerates (Fig. 11b) . A smaller, steeper thrust splays upwards from that master thrust to offset, by a geology. The surface signatures of growing folds and the traces of Quaternary thrusts and other faults over this large area few metres, the base of the unconformable, Late-Pleistocene terrace on top of the cliff. South of the branch-line with that (#600×250 km2) are derived from detailed analysis of nearly complete SPOT and Landsat coverage of the region, with splay ramp, the dip of the master thrust steepens to 25°SE. The more intense, approximately EW-striking schistosity near reference to localities studied in the field.
that junction, and slickensides on the master-thrust plane where steeper (inset, Fig. 11b , Table 2 ), imply slip towards 3.1 Surface deformation N25-30°E, with a left-lateral component.
Farther upsection in the deeper river canyon, fairly thick, 3.1.1 Extent of coeval thrusting and folding consolidated, well-bedded Early Pleistocene conglomerates (Xiyu fm., Q1) lying conformably upon the Pliocene mudstones Qilian Shan and Gobi: Active thrust faulting keeps on creating young, vigorous relief far northeast of the Taxueh Shan. 10 to are strongly folded, with dominant SW-dips of up to 50°( photograph, Fig. 11c ). Numerous small thrust faults, several 20 km north of the north-hills anticline, the southwest-dipping Changma thrust, and its eastward stepover, the Yuerhong of them along bedding planes, hence reflecting flexural slip (inset, Fig. 11c , Table 2 ), affect these south-dipping conglomerthrust, both activated by the 1932 Changma earthquake, sharply bound one rising subrange of the Qilian Shan. In a ates. They bear slickensides compatible with N20°E shortening (Table 2) . We interpret that deformation and the attitude of sharply incised stream gully east of Sange Quan (Figs 10 and 11a), for instance, the former of these thrusts is seen to heave the Q1 conglomerates to reflect steepening, on a 40-50°SE-dipping ramp (Fig. 11c) , of the underlying foreland thrust that a slice of strongly sheared Cretaceous red-beds, itself overthrust by Cambrian slates, onto Holocene gravels. The fresh slickenused to break the surface at Fedongmiao (Fig. 11b) . The corresponding ramp anticline is separated from the range front sides we exhumed on the main, N115°E-striking, 40°S-dipping fault plane imply nearly pure reverse faulting, with slip towards by a N-Q1 synclinorium, unconformably capped by flat Q3-4 terraces, with hinge faulting and folding and steeply north-N30°E, perpendicular to the range front (inset, Fig. 11a , Table 2 ). Discrete, subsurface offsets of the gravel wedge that dipping Neogene beds along its southern limb. Overall (Fig. 11c) , the Qilian-front thrust geometry deduced from mantles the scarp, and sheared phacoids, suggest additional thrust slip on hanging-wall sandstone beds parallel to that surface evidence in the Hongshuiba He valley thus resembles, both in scale and style, that inferred for foreland thrusts north plane. A large fraction, if not all, of the scarp height (#2.4 m) formed during the 1932 earthquake (see discussion in Meyer of the Tanghenan and Taxueh Shan (Figs 7 and 10). Even though the Qilian Shan, first great mountain wall 1991 and Meyer et al. 1991) .
Another 20-30 km northwards, the #400 km long front of south of the Gobi to stand above 5000 m, marks the northern boundary of the Tibet-Qinghai highlands, it is not the outer the main Qilian range is also a prominent site of Quaternary folding and overthrusting. Foreland-facing thrust scarps cut limit of active crustal deformation related to their growth. Crustal seismicity and active faulting extend farther towards the surface of postglacial piedmont fans along much of the length of the range (e.g. State Seismological Bureau 1993; the northeast (Figs 1 and 10a ). Just north of Yumen, an emergent, approximately Meyer 1991; Tapponnier et al. 1990a ). Where we were granted access, sections along river valleys incising the north flank of N90-110°E-striking thrust ramp lifts terraces of the bajada south of Kuantai Shan above the current profiles of their the range clearly display the style of recent deformation of Neogene and Quaternary rocks. parent streams (Figs 10 and 11d ). This north-dipping thrust ramp, one of the rare exceptions we found amongst regionally Such is the case, for instance, of the Hongshuibai He valley section, south of Jiuquan (Figs 10a,b and c). At Fedongmiao, south-dipping, Late-Quaternary overthrusts, is clearly active. Its hanging wall displays all the attributes, defined in the upstream from ENE-striking, north-facing scarps that cross the apex of fans near the top of the Holocene bajada, the Taxueh Shan north hills (Figs 3 and 4) , that characterize youthful, growing fault-propagation anticlines. In the field, the #20 m high cliff on the east side of the valley exposes a , including earthquake, possibly the M#6, 1785 April 18 event whose epicentre has been located 10-20 km northeastwards, near the M#7, 1954 July 31 event, show predominant strikeslip, consistent with approximately NE-SW shortening (e.g. Xinminbao .
Though not of great height (#2800 m), the entire Kuantai Tapponnier & Molnar 1977) (Fig. 1) . Hence, even though Late-Cenozoic crustal thickening has Shan, north of the Jiuquan-Yumen road (Fig. 10) , is undergoing current uplift, relative to the Gobi, above a SW-dipping clearly been more modest north than south of the Qilian Shan, 'incipient' relief growth and active thrusting may be traced thrust responsible for the commanding position of the Jiayuguan citadel, westernmost fortified watchpost along China's Great about 150 km northeast of the highland front into the Gobi platform. Such incipient thrusting appears to be still mostly Wall. The citadel sits on the NE edge of a basement block that rises gently northwestwards to form the bulk of the NE-vergent and compatible with NE-SW regional shortening. Suhai and Qaidam basins: Chiefly northeast-vergent thrusts mountain. Locally, the heaved basement (mostly isoclinally folded Ordovician greywackes, unconformably capped by a and growing folds, trending N110-150°E, also characterize ongoing deformation across regions well southwest of the veneer of red Cretaceous sandstones) is mantled by LatePleistocene fanglomerates that are uniformly tilted several Tanghenan Shan (Figs 1 and 10 ). Even though folding of Neogene beds is clear south of the central part of the degrees towards the southwest (Figs 10a and b) . North of the citadel walls, the height of the NE-facing, cumulative Tanghenan Shan, the westernmost, #100 km long, south flank of the mountain shows little evidence of active, south-vergent Quaternary fault scarp reaches about 30 m.
As might be expected from its N150-160°E average strike thrust faulting (Fig. 10) . The surface traces of north-vergent range front thrusts, on the other hand, are remarkably sharp in map view, however, the Jiayuguan fault is not as simple a thrust as those documented in and south of the Qilian Shan.
at the foot of the western Tergun Daban and Mahan Shan, south of the vast bajadas of the Suhai basin. Where exposed south of the Lanzhou-Urumqi railroad, it reaches the surface as a nearly vertical zone of sheared clayOne of the thrusted basement wedges of the Mahan range appears to continue under the thick, Oligocene-Holocene gouge and conglomerates separating deformed Cretaceous redbeds from postglacial gravels (Fig. 11e) . Drag-folding of the deposits of the northwesternmost Qaidam basin. The corresponding thrust, which has carried Neogene rocks to outcrop, red-beds, locally capped by a very thin terrace, against the shear zone, and non-coaxial strain-tails in the wake of phacoids emerges along a north-facing cumulative scarp that divides the marshy flats west of Lenghu ( Fig. 10a ) and is responsible for within that zone, do corroborate uplift of the southwest wall. However slickensides on warped, N155°E-striking, 38°NE-the development of the Lenghu anticline (Fig. 10c, section a) . As interpreted by Bally et al. (1986) and shown, to scale, in dipping bedding planes near this zone imply a component of dextral slip (inset, Fig. 11e , Table 2 ). Hence, we interpret the Fig. 10(c) , one seismic-reflection profile across this anticline reveals chiefly post-Early-Pliocene growth above a southfault to act locally as a right-lateral ramp connecting a 'purer', more westerly striking, SW-dipping thrust north of Kuantai dipping ramp offsetting the Palaeozoic basement by several kilometres. Hence, regardless of the complexity in the anticline Shan, with another prominent Quaternary thrust south of Jiuquan. We infer recent movement on this latter thrust, also core, due in part to conjugate, Early Miocene, reverse faulting (Bally et al. 1986 , Fig. 14d ), both the mechanism and timing SW-dipping, to have caused the growth of the large, asymmetric, Neogene-Quaternary anticline that forms the #2200 m of growth resemble those typifying active, northeast-vergent ramp anticlines in the West Qilian ranges ( Fig. 7b ; Meyer high hills visible southeast of the Jiayuguan citadel, about 20 km north of the Qilian range front (Figs 10a and b) . On 1991; Tapponnier et al. 1990a) . South of Lenghu, within the #200 km wide Qaidam basin, the SPOT image, this thrust, in turn, appears to connect with the Qilian Shan frontal thrust just west of Fedongmiao, through landforms become much smoother, and maximum relief much less, with ridges only #150-200 m higher than the basin another, N160°E-striking, right-lateral ramp (Figs 10a and b) .
Bypassing the Kuantai Shan to the north, the Altyn Tagh surface, #2700 m a.s.l. (Figs 1 and 10a) . Two principal factors, both a consequence of internal drainage, conspire to generate exceptions. In general, slip on the thrusts is also towards the northeast (#N30°E where accurately measured), roughly persuch flatness, hence the striking morphological contrast between that vast, gentle plain and the rugged topography of pendicular to the ranges. The overall geometry of the thrust network is remarkably regular despite its grand scale, with the 'West-Qilian' ranges.
First, basement highs and lows in the Qaidam are everywhere well-organized steps, oblique ramps, and connections reminiscent of those that typify thin-skinned fold belts in sedimenhidden beneath an enormous thickness of Cenozoic fluviolacustrine sediments (generally between 10 and 15 km, e.g.
tary covers (e.g. Boyer & Elliot 1982) . Perhaps the most remarkable connections, discussed below, are those between Bally et al. 1986; Gu & Di 1989) . Up to two-thirds of this sedimentary pile (#8-10 km) is of Miocene to Quaternary the thrusts and the left-lateral Altyn Tagh fault, the longest active strike-slip fault of Asia. age. The thickness of Eocene-Oligocene deposits (up to #2-3 km), particularly in the northwestern half of the basin (Gu & Di 1989) , is much greater than north of the Taxueh 3.1.2 L inks between West Qilian-Qaidam thrusts and the Shan (Fig. 10c, sections a and b) .
Altyn T agh strike-slip fault Second, because the mountain-locked Qaidam plain is the ultimate sink for many of the rivers that drain the surrounding Our mapping of the active West-Qilian and Qaidam thrusts shows that they terminate at the Altyn Tagh fault. They are relief, and its surface a local base level, much of it has been repeatedly flooded by a large lake (e.g. Phillips et al. 1993) . not truncated and offset by it. Rather, they appear to branch from it, often through oblique, more easterly striking splays Today, broad salt flats, marshes and small residual lakes remain (Figs 1 and 10a) . Abandoned shorelines at #2800 m (Peltzer et al. 1989) (Figs 10a and b) . Accordingly, most of the NW-SE-trending basement wedges uplifted by such thrusts a.s.l., whether near Golmud to the south or Lenghu to the north, and wavecut cliffs around rising anticlines, attest to taper and veer as they come to abut the fault. None continues northwest of it, and there is in fact no evidence for NE-SW recurrent lake highstands during the wettest episodes of the Pleistocene and Holocene. Thus the extraordinary flatness of shortening in regions located just north of the fault, between 85°and 105°E. This contributes to making this fault the sharpest the surface of the basin probably results from smoothing by uniform shallow deposition in that lake and abrasion of structural and morphological discontinuity of central Asia.
There are youthful, rising mountain ranges north of the residual relief along its shores.
Despite the great sediment thickness, and hence the broad Altyn Tagh fault, notably, west of 85°E, the Tashi and Altyn ranges (Figs 1 and 10a ). However these ranges, and Quaternary width of most folds and probable tapering of certain faults before they reach the surface, clear, if discontinuous, thrust thrusts along their fronts or across their forelands, tend to strike roughly parallel to the fault (N70-80°E, Fig. 10a ). Such scarps cut young superficial deposits in the northeastern Qaidam, generally along the north limbs of anticlines thrusts show little evidence of systematic, left-or right-lateral components of slip, and those that limit the ranges usually (Fig. 10a) . The thrust traces usually trend N120-130°E. Three zones with N150-160°E-striking beds, south and west of merge with the fault where such ranges pinch out, to the east and west (Figs 1 and 10) . Mountain ranges north of the Altyn Mahan Shan, may correspond to right-lateral ramps in the basement underneath, similar to that along the Jiayuguan Tagh fault thus form completely fault-bounded wedges or flakes of Tarim basement, thrust towards the NNW, orthogonal citadel fault. With the exception of thrusts along the steep Nan Qilian and Qaidam Shan range fronts, the dominant vergence to the fault, a result of crustal-scale slip partitioning (e.g. Gaudemer et al. 1995) along the edge of the Tarim block of emergent thrusts and ramp anticlines in the western part of the Qaidam is towards the northeast, even, surprisingly, near (Matte et al. 1996) . The abrupt change in the mean trend of ranges and thrusts the southwest-sloping, northeastern edge of the basin.
Most of the thrusts at the south edge of the Qaidam, along south and north of the fault is quantitatively depicted in Fig. 12(a) , where the angles between range crests or Qaidam the Kunlun range (Burhan Budai Shan), do not reach the surface. They remain beneath the sediments they warp, except fold axes and the fault are plotted as a function of distance from it, in 25 km steps. On average, thrusts just north of the in the westernmost corner of the basin, where the basement shallows between the Qiman and Altyn Tagh. Cenozoic Altyn Tagh fault strike about 40°counterclockwise from thrusts south of it. That angle is seldom less than 20°, and exceeds deposits in the Kunlun foreland are especially thick, even on top of hidden, upthrust basement wedges (Bally et al. 1986) 60°in the western part of the Qaidam basin (Fig. 12a) . In the eastern two-thirds of the Takla Makan desert, evidence of (Fig. 10c, section b) . This is the area where Middle-Tertiary sediments, in particular, are thickest, with the main Oligocene Quaternary surface deformation vanishes #100 km north of the Altyn Tagh fault (Figs 1, 10 and 12a ). The fault thus depocentre near 92°E (Métivier 1996) . Although deposition keeps smothering surface evidence of active deformation, susseparates two regions with markedly different shortening directions and styles, whose crusts have suffered very different tained seismicity, and fault-plane solutions with nodal planes striking mostly N90-150°E (Fig. 1) imply a crustal shortening amounts of Late-Cenozoic strain, as corroborated by the low level of instrumental seismicity in the Tarim , regime similar to that in the West-Qilian ranges, albeit on blind thrusts. a consequence of the high strength of this ancient block's lithosphere (e.g. Molnar & Tapponnier 1981) . In summary, between the Kunlun range and the Gobi desert (90-102°E), contemporaneous thrusting governs the growth of Current movement on the Altyn Tagh strike-slip fault appears to be intimately related to motions on the adjacent, approximately SW-striking mountain ranges or of sedimentdrowned basement highs over a distance of as much as active thrusts. This is a kinematic consequence of the geometry of the fault traces, which merge at certain points. The Kuantai #1000 km along the Altyn Tagh fault and more than 300 km southeastwards from it (Figs 1 and 10) . The vergence of the and Qilian range-front thrusts, for instance, meet with the Altyn Tagh fault north of Jiayuguan and Changma, respectively active, parallel thrusts is towards the northeast, with few ( Figs 10 and 12b) . Both veer by #20°counterclockwise over valley. Breaks to the north or west have not been found. The westernmost Changma thrust segment may continue farther a distance of #20 km east of such junctions. At the Qilian thrust junction, the Altyn Tagh fault also changes strike, quite westwards along that valley, north of uplifted terraces, then step northwards along exhumed basement, closer to the Altyn abruptly, by #16°clockwise. Given the angle between the two faults prior to the junction (#54°), and assuming the blocks Tagh fault (Fig. 10b ), but such continuation and the existence of a clear junction remain to be established. The Shibaocheng they separate to be rigid, a left-slip rate of #4 mm yr−1, as deduced from Holocene fan and channel offsets west of the fault (Fig. 10) , a prominent, oblique splay of the Altyn Tagh that heads straight towards the Changma thrust zone and junction (Meyer et al. 1996) , would result in #3 mm yr−1 of left-slip and 1.6 mm yr−1 of thrust-perpendicular slip east of bears recent, if discontinuous, seismic scarplets (Meyer 1991) , might act as an alternative link, but its NE dip is opposite to the junction (Fig. 12b) . That the strike-slip fault trace bends at this junction, becomes fainter east of it, and that both the that of all the other segments of the zone. Thus, if transfer of motion presently occurs between the Altyn Tagh and the direction (#N30°E) and rate of thrusting are consistent with those estimated for ranges of greater height to the south, Changma thrusts, it does so in a complex manner. The south-dipping thrusts of the Taxueh range foreland do suggest that, to first order, the rigidity assumption holds.
Branching of the major thrusts west of the Sule He is less not continue across the Shibaocheng basin (Fig. 10) . Instead, they merge with the active, lateral ramp that bounds the range simple, and generally involves oblique splays of the Altyn Tagh fault. The surface break of the 1932 Changma earthquake, for south of the basin. Westwards, this sinistral ramp joins the Yema fault. For about 120 km, both run roughly parallel to instance, has only been unambiguously traced to about 15 km of the fault, along the Changma thrust. The last 6 km stretch the Altyn Tagh fault before meeting with the Tanghenan Shan front thrusts south of Subei. As they pass this meeting of the break follows a N160°E-striking dextral ramp (Meyer 1991) , before veering and disappearing in the Changma river point towards the northwest, these thrusts veer clockwise, in qualitative agreement with triple-junction kinematics (Fig. 10) . bottom left inset, Fig. 12a ) in which the clockwise swing of the Qilian ranges and thrusts as they near the Altyn Tagh fault is The foremost of the Tanghenan Shan thrusts, in turn, meets with the Altyn Tagh fault about 15 km west of Subei (Ge et al.
most clear is #200 km, of the order of the thickness of the lithosphere (150-180 km). 1992). A transtensive component of slip, giving rise to normal fault scarps (Fig. 10) , is visible along the strand of the fault There is no unique way to interpret this latter swing. Gradients of shortening, leading to differential block rotation, east of that well-defined junction, as rigid kinematics would predict if slip on the thrust were not parallel to the fault which the existing palaeomagnetic database is still insufficient to prove or disprove (e.g. Frost et al. 1995; Halim et al. 1998 ), (Fig. 12c) .
Faults other than thrusts also branch from the Altyn Tagh might be involved. Regional shear gradients parallel to, and north of, the Kunlun and Haiyuan faults might also play a fault. Instead of following the range fronts or cutting the foreland bajadas, the traces of these active faults remain within role. Another plausible way to interpret the clockwise swing at this scale, as well as the particularly high angle between the uplifted relief, roughly parallel to the ranges, often close to their crest lines. Most appear to be dominantly left-lateral.
thrusts north and south of the Altyn Tagh fault, is to invoke reorientation, relative to the regional stress induced by plate The easternmost segment of the Changma fault zone Meyer 1991) , which continues at least #100 km motion, of the maximum horizontal stress near the tip of a propagating, lithospheric, sinistral fault (Fig. 12a , bottom right east of Ta Quen Kou, offsetting the Beida He by #15 km (Fig. 10) , and the Tanghenan Shan 'axial' fault, which stretch inset). In this case, the present geometry of the thrusts would be inherited from that due to elastic deformation at the time along the entire length of the range, are particularly prominent examples, but discontinuous left-lateral faulting is also clear of their birth. Although both the finite thrust displacements and the regional deformation are much larger than the incipient along the Yemah, Taxueh and Tulainan Shan (Fig. 10a,b) . That those left-lateral faults tend to parallel the range-front strain resulting from elastic stresses, the long-term deformation may be viewed as the sum of the anelastic relaxations of thrusts is simply accounted for by slip partitioning in the middle-upper crust (e.g. Gaudemer et al. 1995) . The ranges are repeated stress increments . This approach, which is successful at modelling finite relief growth by motion therefore akin to 'flower structures' (Fig. 10c, sections c,d ). Hence, current deformation in the West-Qilian ranges is 3-D, on dip-slip faults (Stein et al.1988; Armijo et al. 1996) , is also valid for 3-D strain involving strike-slip faults. At the outcrop with motion of crustal slivers relative to the Gobi directed to the east of N30°E.
scale, reorientation of anelastic, compressional and extensional deformation features has been shown to result from stress In summary, recent faulting southeast of the northern Altyn Tagh fault forms a transpressive 'horsetail' of grand scale. The concentrations at the tip of small strike-slip faults (e.g. Rispoli 1981 ). fault geometry and the evidence for slip partitioning require that a large fraction, but not all, of the sinistral displacement Probably the most inescapable consequence of superficial fault connections within the Qaidam-Qilian horsetail is that on that fault be absorbed by crustal thickening across the Qaidam and Qilian ranges (Figs 1, 10 , and 12a), (Peltzer et al.
the active faults form a 3-D system with intimate physical and kinematic links at depth. Since most of the faults tend to 1989; Meyer 1991). Most of the active faults within this horsetail meet with, or branch from, one another. In only very segment, divide and branch when their lengths exceed a few tens of kilometres, most of the 'organic' connections within the few places is the accurate position of fault junctions difficult to pinpoint. Where triple junctions are clear, a quantitative system ought to occur in the crust. understanding of the local surface kinematics and of slip transfer between faults is gained by assuming rigid block 3.2 Deep crustal deformation motion.
The width of the main branching or transition zone, across 3.2.1 Ranges as large crustal ramp anticlines which the Qilian thrusts swing counterclockwise from their NW-SE trends as they approach the Altyn Tagh fault (Figs Whatever the scale, the Late-Cenozoic growth of relief, in section, appears to have occurred by similar mechanisms. 10a and b; dark shade, bottom left inset, Fig. 12a ) is 30-60 km, of the order of the thickness of the crust (40-60 km). We Irrespective of basement history, such growth seems to have been simply governed by fault-propagation or fault-bend foldinterpret this swing to reflect oblique motion, within the crust, on lateral ramps connecting the thrusts to the fault.
ing, as observed in the sediments of the Taxueh and Tanghenan Shan forelands. Several examples of increasing size document South of this thrust/strike-slip transition zone, on a greater scale, the angle between the ranges and the Altyn Tagh fault the uniformity of such processes (Fig. 13) . North of the west Qilian range front, the Yumen anticline increases progressively as such ranges approach that zone northwestwards (Figs 1, 10, and 12a) . From a value of #20°culminates at 2758 m, locally #600 m higher than the Hexi corridor. It forms a topographic ridge #40 km long, with an or less about 300 km away from the fault, this angle reaches #40°or more about 50 km from it, reflecting a swing opposite average width of #7 km (Fig. 10, Table 3 ), and folds a thick Neogene and Quaternary sequence. West of Yumen, the antito that in the transition zone. The exact length scale of this swing is difficult to assess because thrust trends also vary cline is little eroded and Quaternary conglomerates outline its regular periclinal termination with steeper NE limb. To the along the fault from region to region, probably due to differences in structural heritage. Besides, as one moves farther east, erosion has exhumed the core of the anticline, exposing the Laojunmiao thrust which brings Permocarboniferous upon southeast from the Altyn Tagh fault, the influence of other large left-lateral faults, such as the Kunlun and Haiyuan, Neogene rocks ( Fig. 10b ) (Gansu Geological Bureau 1975) . The thrust locally dips 40-60°S, and the #50°S-dipping becomes felt, and the dips of certain thrusts flip towards the northeast (Sulenan Shan, Qaidam Shan, Qinghainan Shan) Carboniferous strata that underlie unconformable, but still S-dipping, Mesozoic and Tertiary sandstones appear to have (Fig. 1) . Nevertheless, the width of the zone ( light shade, simply ramped several kilometres upwards, parallel to the and style to those seen north of the Tien Shan . It is #3.3 times the size of the north-hills anticline in thrust, to overlie steep or overturned, schistose Miocene redbeds (Xu et al. 1989) (Fig. 10c, section e) . The Yumen anticline the western Taxueh Shan piedmont (TXS NW, Table 3 , Fig. 14) . is thus a typical fault-propagation fold, comparable in scale (TXS NE), and large enough to qualify as a mountain range, both have the same length-to-width ratio (#6.7) (Table 3, Fig. 14) .
Many, if not all, of the even larger ranges of northeastern Tibet appear to have grown as simply. Due south of the Yumu Shan, the eastern termination of the Qilian front range ( Figs  13a and b) is outlined by Neogene beds wrapping the Palaeozoic core of the mountain. South of Xining, remnants of a 40°S-dipping monocline of Neogene red-beds and conglomerates, unconformable on Palaeozoic slates, are found at #4000 m a.s.l. just south of the crest of Tachi Shan (Figs 1  and 13c) . The overall morphology and geology of the Tanghenan Shan (Figs 1 and 10a,b ) also suggest that this great range, which is #235 km long, #30 km wide, and up to #5700 m high, has grown as a large anticline on top of S-dipping thrust ramps (Figs 10c, sections c, d, and 13d ). The thrusts (Figs 7 and 9) , is generally steeper than its southern slope. On the southern side of the range, Neogene and/or Quaternary deposits, resting unconformably on Palaeozoic and Precambrian basement, generally dip gently south (Gansu Geological Bureau 1975) . Despite strike-slip faulting along the range crest and some south-directed thrusting in the southeast, such a structure is chiefly consistent with north-vergent faultpropagation folding, after deposition of the Neogene sandstones and mudstones. This mountain-size anticline, which is #16.5 times larger than the western segment of the Taxueh Shan north hills, probably folds the crust down to a depth of #20 km, given its width and the dips (45-60°) of the thrust ramps R0 and F∞ (Figs 7b and 13d) . Such a picture is corroborated by the hypocentre depth (12±4 km) of one earthquake (1980 June 1; 38.91°N, 95.60°E; Mo=1.5 1017 N m), and by the strike and dip of its most likely fault plane (N128±10°E, 53+7/−5°SW) as constrained by body-wave modelling (Molnar & Lyon-Caen 1989) , which imply slip on F∞ at mid-crustal depth (Fig. 13c) . Despite the great difference in size, the length-to-width ratio of the Tanghenan Shan (#7.8) ripples, ridges and mountain ranges of northeastern Tibet ( Fig. 1) correspond to growing ramp anticlines, folding rock layers of various thicknesses, up to that of the crust (e.g. Midway along the Gansu-Hexi corridor (Fig. 1) , the Yumu Shan range is #60 km long and #9 km wide (Tapponnier Tapponnier et al. 1990a; Meyer 1991) . Even at the largest scale, the asymmetry of the topography appears to be dictated et al. 1990a; Meyer 1991) (Table 3, Fig. 14) . It rises to more than 3200 m, locally 1700 m above the Hei He plain. Although by ramp dip. Such asymmetry is less prominent for mountains above hidden ramps. Mountains sharply bounded by emergent, the Yumu Shan core is composed of Precambrian to Jurassic rocks with polyphase deformation, such rocks are wrapped by fast-slipping, active thrusts are akin to crust-scale faultpropagation folds (e.g. Tanghenan Shan, central Qilian Shan, smoothly folded Plio-Quaternary beds (Figs 13a and b) , (Gansu Geological Bureau 1975) . The steep northern front of Yumu Shan), while others that, in spite of youthful relief, are less clearly bounded by contemporaneous thrusts (e.g. Tachi the range is marked by a south-dipping thrust fault (Fig. 13a) , whose western segment last slipped during the 180  Luo Shan, Yema Shan), or for which emergent thrust ramps have migrated kilometres away in the forelands (e.g. Taxueh Shan, Tuo Chen earthquake (Tapponnier et al. 1990a ) (M#7.5; Institute of Geophysics 1976; ; Fig. 1 ). The Qinghainan Shan) are shaped more like crust-scale fault-bend folds. regular, asymmetric shape of the Plio-Quaternary envelope of the range, bounded on the north side by an active thrust ramp (Figs 13a and b) , indicates that it too grew as a simple fault-3.2.2 Scaling law for mountain growth propagation anticline, despite the more complex structure of basement rocks in its core (Tapponnier et al. 1990a; Meyer The length versus width plot of Fig. 14 shows that, over a scale span of at least 40, the youthful topographic ridges that 1991). Although the Yumu Shan is 10 times the size of the north-hills anticline in the eastern Taxueh Shan piedmont result from ongoing crustal shortening in NE Tibet, be they Figure 14 . Scaling law for the growth of topography in young folds, ridges and ranges (from data set in Table 2 ). The bulk of data are from NE Tibet (filled circles and stars) and central Asia (shaded circles and stars). Data from rest of the world are represented by open circles.
smooth folds as in the Qaidam or jagged ranges north and as other faults do (e.g. Scholz et al. 1993; Cowie & Scholz 1992a,b,c) , keeping a fairly constant length-to-depth ratio, from south of it, keep a fairly scale-independent aspect ratio and thus appear to be approximately self-similar. Their sizes hundreds of metres to hundreds, and even thousands of kilometres, as cumulative throw increases on them. increase regularly from small piedmont 'whalebacks', such as the hills north of Taxueh Shan, with typical lengths of #10 km, At a more detailed level, there appears to be a change in scaling ratio for features with widths greater than 30 km. For widths of #2 km, and heights of #20 m, to great mountains (Kunlun or Burhan Budai range and main Qilian range) with a given width, folds and ridges narrower than #20 km tend to be shorter (L /W =4.9±3.8), while ranges wider than #30 km lengths of 400-550 km, widths of 50-80 km and topographic relief of #3 km ( Fig. 14 and Table 3 ).
tend to be longer (L /W =7.8±3.6) ( Fig. 14 and Table 3 ). We interpret this to reflect a cut-off within the mid-lower crust Such length/width self-similarity seems to hold for other growing folds and ranges in the rest of eastern Asia and in the whose rheological layering acts as a mechanical barrier for further propagation of 40-60°-dipping thrust ramps downworld, including very large collision ranges, and down to small strike-slip push-ups, over nearly four orders of magnitude in wards into the mantle, thus forcing trans-crustal thrusts and large ranges to grow faster along-than across-strike. scale (Table 3 and Fig. 14) . Fold and mountain heights do not scale with length or width as simply. Fold amplitudes or
Recall that the data set we use is incomplete and the approach limited by tectonic boundary conditions. Large structural relief, and hence thrust displacement, might, but testing this inference would require better knowledge of sedicollision ranges, for instance, often end at pre-existing geological limits, such as continent-ocean boundaries, or at transform ment foreland thicknesses and amounts of denudation by erosion than available. Nevertheless, the width of the folds, faults. Such truncation would tend to shorten their lengths. At the other end of the spectrum, the smallest-scale examples ridges and ranges alike is most simply interpreted to reflect the depth reached by high-angle ramps underneath, be they included are push-ups along strike-slip faults, hence biased either towards greater length because of slip-partitioning, or shallow, seismogenic faults or deeper, localized ductile shear zones. Thrust faults would thus nucleate as fairly small, hightowards greater widths due to broad steps between strike-slip fault segments. This is apparent in the dispersion of values angle 'planes', then grow and coalesce (Jackson et al. 1996) , Table 3 . Aspect ratios, in map view, of topography of growing folds, ridges, and ranges due to recent shortening of continental crust in NE Tibet, Central Asia and other regions. Data from NE Tibet, Asia, Italy and Algeria are derived from topographic maps at scales of 1/100 000 and 1/1000 000 (ONC charts), combined with analysis of SPOT and Landsat images. Many features with widths <20 km were studied in the field. Data from California are from 1/62 500 topographic maps (Stein et al. 1992) . Data for other large mountain ranges are from 1/1000 000 ONC charts and the Times Atlas of the World. The scaling law for growth of mountain belts derived from the data set is plotted in Fig. 14 below W #1 km. Finally, our overall sampling is also biased, in elevation across the northeast corner of Tibet are thus best interpreted to imply that its crust forms a large accretionary with a majority of features having lengths between 10 and 100 km and widths between 2 and 30 km (Table 3) . Despite wedge. This deformed crust would be decoupled from the more rigid mantle lithosphere underneath over a vast (up to such imperfect sampling, however, and the preliminary nature of the plot in Fig. 14 , folds in the continental crust appear to 500 km×1000 km), mid-to lower-crustal décollement plunging on average at a shallow angle (#5-10°) to the southwest (Figs grow self-similarly as a result of increasing anelastic slip on thrusts from the start. They do not seem to result from finite10c and 15b) (Bally et al. 1986; Tapponnier et al. 1990a; Meyer 1991 ). amplitude buckling, followed by breaking of layers of specific thicknesses (Martinod & Davy 1994; Burg et al. 1995) .
The old age of the crust (≥400 Myr), and the recent onset of Cenozoic shortening (≤15 Myr) (Métivier 1996) , makes the existence of a thick (#20-30 km) weak layer at its base 3.2.3 Crust/mantle decoupling on large regional décollement unlikely. A thick, weak lower crust would result in more undecided vergence for shallow thrusts. Upper-crustal thrust Taken together, the characteristics of ongoing deformation in the Qilian mountains and Qaidam imply that the crust is now ramps thus probably do not vanish downwards into a ductile lower-crustal buffer. In any case, at any given time within the decoupled from the underlying mantle over much of the region. The coeval kinematics, as well as the typical patterns and scale rheologically weak zone above the Moho, whose thickness in Precambrian-Lower Palaeozoic crust should not exceed of surface segmentation and branching of the faults indicate that most of them form a 3-D, interconnected system restricted 10-15 km (e.g. Molnar & Tapponnier 1981) , strain is expected to localize further. Hence, it seems preferable to picture the to a layer at most a few tens of kilometres thick, i.e. to the thickening crust (Fig. 15a) . The limited widths of the topodeep, NE Tibetan décollement as a ductile shear zone several kilometres thick, resembling the Himalayan Main Central graphic bulges of most ranges (up to #30 km), and the minimum cumulative throws (#10 km) on the main thrust Thrust. Scale notwithstanding, this process is similar to that generramps beneath them, imply that such steep ramps flatten in the lower crust onto shallow-dipping décollements, making the ally observed in sedimentary fold and thrust belts. The whole NE corner of Tibet in fact seems to be little more than a process that folds 10-30 km thick slices of the crust in anticlines of mountain size analogous to that operating in thinner leading imbricate thrust fan, involving the entire crust (Boyer & Elliott 1982) (Fig. 10c) , laterally limited by strike-slip ramps, foreland sedimentary layers (e.g. . The cutoff in the L /W scaling law for range widths >30 km further as commonly illustrated in sandbox experiments (e.g. Calassou et al. 1993) (Figs 10a and 15) . If this interpretation, in our supports the inference that crustal thrust ramps do not extend straightforwardly into the mantle. The dominant northeastview the simplest compatible with extant geological evidence, survives testing by seismic imaging, NE Tibet would represent ward vergence of thrusts from the Kunlun fault to the Gobi platform is consistent both with uniformly directed motion of the thickest-skinned current example of fold and thrust tectonics in the world. the mantle relative to the crust, towards the southwest, and with the inference that, save perhaps along the Early Palaeozoic Only under the widest (#80 km) mountain ranges (Kunlun, Altyn Tagh) are discrete, fairly steep, mantle thrusts likely to sutures, there is little shortening-if any-in the mantle, as expected in view of its Precambrian age, and hence great strength.
continue crustal thrusts downwards and offset the Moho. We thus infer the lithosphere to be cut under these two ranges, in The organization and kinematics of faulting, the disposition of topographic ridges, and the gradual northeastward decrease close connection with strike-slip faulting (Figs 15a and b) but a plausible lower bound of the amount of Tertiary shortening absorbed by crustal thickening may be estimated. The NE-stepping sections of Fig. 10 (c) are all orientated N30°E, roughly perpendicular to the main ranges and folds, and parallel to the direction of slip on the thrusts where accurately measured (Fig. 11 , Table 2 ). All are constructed by integrating 3-D information from topographic and geological maps at different scales, seismic reflection and borehole log data available to us (e.g. Xu, He & Yan 1989) , and our field measurements and satellite image analysis. Given the scale, most small thrusts and folds are not represented. The sections are thus grossly simplified to include only major features. They broadly resemble the sections derived by Bally et al. (1986) from seismic profiles of the Qaidam, but there are differences due to the different line locations chosen, to our more accurate mapping basin where the basement lies underneath more than 10 km of sediments. Nevertheless, the growing topography provides a control unavailable in inactive mountain belts. (Matte et al. 1996) . In order to discuss the ultimate fate of the We have attempted to retrodeform in a crude way three lithospheric mantle, it is paramount to estimate the amount of typical sections (b, d and f, Fig. 10c ; Table 4a ), for which crustal shortening north of the Kunlun fault.
enough field and subsurface data are available. Such restoration is possible because much of the Lower-Palaeozoic 4 AMOUNT OF LATE-CENOZOIC basement was rather uniformly blanketed by fairly flat Late-CRUSTAL SHORTENING Mesozoic and Tertiary sediments prior to Late-Cenozoic reactivation (Fig. 8) . In many areas north of the Kunlun, only 4.1 Direct estimate, from reconstruction of the slight angular unconformities of stratigraphic horizons are Qaidam-Hexi section visible between the Devonian and the Miocene, an indication of moderate tectonic strain with mostly localized faulting and The evidence we have at hand permits only a rough assessment of strain between the Gobi platform and the Kunlun range, basin sag during that period, as elsewhere in central Asia (e.g. Taking into account small overlaps between the three sections, the western part of the wedge of Tibet caught between strata (e.g. south flank of Taxueh Shan, Fig. 10b ), implying that both result from the same Cenozoic, N30°E shortening the Kunlun and Altyn Tagh faults (Figs 1, 10 , and 15a,b) thus appears to have shortened by at least #150 km during the episode. Hence, well-defined horizons from the upper Palaeozoic onwards may be used as restorable reference Late Cenozoic (Table 4b ). We think this is a robust lower bound, not very different from the even cruder estimate (130-surfaces.
For sections e and f, which extend from the Kuantai Shan 140 km) obtained by just summing the average structural relief (#10 km) across the 13-14 main ranges and basement highs to the Taxueh-Tolainan Shan across the Hexi-Jiuxi basin and the Qilian Shan front, roughly parallel to the Baiyang and between the Hexi corridor and the Kunlun fault. Recall, however, that this number concerns only the amount of N30°E Beida He valleys (Figs 10a and b) , oil-company seismic reflection and well logs give depth control (Xu et al. 1986 ). On shortening absorbed by thickening of the crust, and that most sections cannot be retrodeformed in a strict sense because section f, structural relief alone implies at least 10 km of throw on just the outer Qilian Shan thrusts. Restoration of the top sinistral components of faulting parallel to the ranges shift crustal material out of the section planes. Locally, the amount of the Cretaceous or of the base of the Miocene yields #20-25 km of shortening across those thrusts (Fig. 10c) . Use of displacement due to sinistral faulting appears to be similar to that of thrusting towards the NNE. The 15 km offset of the of the same reference surfaces along the whole 150 km long section implies that a minimum of 50-70 km of shortening Beida He by the Taquen Kou fault in the Qilian Shan (Fig. 10) , which may have accrued in only #3 Myr at the present rate (Table 4b) is taken up by large, discrete thrusts between the Tolainan Shan and the Gobi-Ala Shan platform, with #50 (#5 mm yr−1, Peltzer et al. 1988), provides a good example of such roughly balanced partitioning. per cent of that amount absorbed in the 50 km wide Qilian range.
Section d crosses all the ranges south of the Qilian Shan to 4.2 Bulk estimate, from regional mass-balance including the Suhai basin, particularly the Taxueh and Tanghenan Shan erosion (Figs 10a and b) . In this region, the base of the Mio-Pliocene provides the best reference horizon (Fig. 10c) . Sediment depths It is also possible to estimate the minimum convergence between the Kunlun and the Gobi in the Late Cenozoic by are less well known in the intermontane forelands south of the Hexi corridor than in the Jiuxi basin. Also, there are complexitregionally balancing the mass of crust thickened, including that transported by erosion and redeposited in adjacent basins. ies related to the flower structure of the two main ranges. Nevertheless, both line and areal restorations yield a minimum For this, one may follow the approach that Métivier & Gaudemer (1997) applied to the Tien Shan and its forelands. of 35-45 km of N30°E-directed shortening (Table 4b) , with about 30 per cent of the total in each range. We infer that
The boundaries of the region of interest here enclose the whole area between the Kunlun fault and the Tarim, Gobi-Ala Shan small-scale thrusts related to complex oblique motion absorb additional, distributed shortening within the 'flower' structures.
and Ordos stable platforms (Fig. 16a) . The surface of that region is #5.4×105 km2. For topography, we rely on the Section b first crosses the NW terminations of the three ranges (Tergun Daba, Qaidam, and Mahan-Xitie Shan) that hypsographic DEM of the Defense Mapping Agency (1992), which is known with a resolution of 30 arc-seconds (#900 m). separate the Suhai and Qaidam basins, then the entire Qaidam basin all the way to the Kunlun fault, across the SE extension For the volume of the solid phase of Tertiary sediments deposited in the Qaidam-Gonghe, Hexi-Jiuxi and other basins of the Qiman Tagh and the main Kunlun or Burhan Budai Range (Figs 10a and b) . The base of the Pliocene and the top north of the eastern Altyn Tagh fault and of Kuantai and Lungshou Shan, we use the number (0.44±0.18×106 km3) of the Mesozoic provide reference surfaces in the north and south, respectively (Fig. 10c) . Restoration implies a minimum derived from subsurface data by Métivier (1996) . Assuming conservation of crustal mass (i.e. negligible loss of crust into of #90 km of shortening on the major thrusts (Table 4b) , with over half of it in the Kunlun and Qiman ranges. The uncertainty the mantle, and negligible loss of sediments outside the region, Métivier 1996) , we may then derive the volume of rocks (V top ) is large, as is that of the section from which it derives, but the . N30°E-directed shortening as a function of distance along N120°E strike. Local isostatic compensation is assumed, and sediment mass deposited in the Qaidam, Hexi and Gonghe basins (Métivier 1996) is taken into account. The zone shaded grey indicates uncertainty. The vector diagram (inset) depicts partitioning of motion between the Altyn Tagh and Qilian faults near 96°E, 39°N (see text for discussion).
that recent crustal thickening, outside Tertiary basins (grey This number represents #26 per cent of the present-day shade, Fig. 16a ), has heaved above the regional base-levelsurface of the area selected in Fig. 16 (a) (5.4×105 km2), and taken to stand at the elevation of the Gobi-Ala Shan platform, #40 per cent of the surface (#3.5×105 km2) now occupied #1500 m a.s.l.:
by mountains above 2000 m a.s.l. within that area. As a next step, one can estimate the variation of the amount V top =1.06±0.16×106 km3 .
( 1 ) of NNE shortening (Sh) as a function of distance (d) along a Assuming local isostatic compensation, crust and mantle densidirection parallel to the NE-Tibetan ranges (N120°E). The ties of 2750 and 3300 kg m−3, respectively, and taking the excess crustal volume stored within vertical slices of width sedimentary mass into account, the excess volume of crustal w#900 m, orientated parallel to thrust slip, is computed from rocks stored in the NE-Tibetan wedge as a result of shortening DEM elevation values along N30°E section-lines. Isostatic (V sh ) is thus compensation is dealt with as above (2). To account for erosion and ensure mass conservation, sediment volumes accumulated
in the basins are first sprinkled uniformly over drainage catchments (Métivier 1996) . Although crude, this technique Assuming that volume to result from shortening of a crust has little impact on the final results, since the sediment volume of initial thickness equal to that of the undeformed Gobiaccounts for at most 7 per cent of the crustal volume stored Alashan platform (H=47.5±5 km) (Ma 1987) , the amount of in the ranges. The sum of the restored sediment and crustal surface-area reduction or shrinking (S sh ) in NE Tibet comes rock volumes yields the surface shortened on each section. The out to be curve relating shortening to distance along the N120°E direction (Sh(d), Fig. 16b ) is then obtained by dividing that surface S sh =1.43×105 km2.
by the initial crustal thickness chosen and section width: respectively, on the N70°E-striking fault near 88°E (inset, Fig. 16b ) (Table 4b ). They also imply at least 126 km, or 100±25 km of N120°E-directed displacement between the
Kunlun range and the Gobi (Table 4b) . That displacement, which corresponds to the fraction of slip on the Altyn Tagh Given the uncertainties on V top , V sed , and H, and taking that fault not absorbed by crustal thickening, ought to have been on the compensation ratio C=r m /(r m −r c )=6 to be of the taken up by sinistral slip partitioning within the ranges (inset, order of 0.5, the uncertainty on shortening (3) is Fig. 16b) . Note that such roughly balanced regional partitioning is in keeping with that found locally in the northwestern Qilian Shan, near the Beida He. Note also that, at the regional dSh=Sh
scale, significant clockwise rotation of ESE-trending crustal slivers due to slip on parallel sinistral faults is unlikely, because such rotation would be incompatible both with left-lateral boundary motions on the Altyn Tagh, Kunlun and Haiyuan typically of the order of ±20 per cent (Fig. 16b) .
faults, and with NNE shortening. With the fairly restrictive assumptions made, the shortening North of the Qaidam basin, most of the ESE motion of the values in Fig. 16( b) should be considered very conservative Qilian crustal slivers ought to be transferred to the Haiyuan lower bounds. Loss of sediments by transport outside the fault, which meets with the SE extremities of the Qilian ranges region may have been significant. The largest river, the Huang (Fig. 1) (Meyer 1991) . The results obtained here are thus He, carries much of its load to NE China. Other large rivers quantitatively compatible with the displacement, relative to such as the Sule and Tang He probably flowed west into Lop the eastern Ala Shan platform, of the northeasternmost corner Nor during climatic intervals wetter than the present. The of Tibet near Lanzhou. Such displacement would have been mass of thickened crust thus lost might reach several per cent.
of the order of #120 km east-southeastwards if its current rate The presence of a large-scale décollement at the base of the (15±6 mm yr−1 in the N105±6°E azimuth) is extrapolated middle-upper crust makes coupling between a 5-10 km thick back to #8 Ma BP (Gaudemer et al. 1995) , consistent with slice of lower crust and the lithospheric mantle likely (Fig. 10c) , the #95±15 km offset of the Yellow River course by the which would increase shortening everywhere by as much as western Haiyuan fault zone (Figs 1 and 16a) . The minimum 10-20 per cent, respectively. Last but not least, the crust of displacement required to form the great bend of the river the Qaidam, which at all times in the Neogene remained a across the fault zone (40-80 km; Gaudemer et al. 1995) would deep depocentre, may have initially been thinner than that of be compatible with about half of the minimum amounts of the Gobi. Moreover, the mass balance calculations above do partitioned slip found above, in keeping with the estimate not take thickening of the Qaidam crust into account. Hence, derived from retrodeformation of section b (Fig. 10c ) that at overall, we suspect that such calculations underestimate most half of the minimum shortening west of 97°E has been shortening by a few tens of per cent on many sections. absorbed south of the Suhai basin. Neither the kinematic Nevertheless, for most sections crossing the Qilian ranges, regime nor the minimum displacement values derived here the amount of N30°E shortening derived from regional mass accord with a maximum sinistral offset of #16 km on the balance exceeds 100 km. In the westernmost 200 km, near the Haiyuan fault since Precambrian time, as inferred from geologiranges' junctions with the Altyn Tagh fault, the lower bound cal mapping in the loess-mantled country west of the Yellow obtained (120±30 km, white line on Fig. 16 ; Table 4b ) is on River (Burchfiel et al. 1991) . the low side of that (#150 km) derived from retrodeformation Amounts of crustal shortening of 100-200 km above a of N30°E structural sections of the same area. décollement underlying much of the region shown in Fig. 16 Simpler mass-balance calculations ) along require concurrent Late-Cenozoic shortening and foundering two sections (C1 and C2, Fig. 1 ), for which local isostatic of the lithospheric mantle of that region south of the Kunlun equilibrium of the topography, or flexural compensation with range. Such strain would be most simply taken up by southan elastic thickness of 45 km, is assumed, and for which dipping mantle subduction, to depths of 200-300 km, along a densities of sediments, crust and upper mantle of 2.6, 2.8 and deep thrust into which the décollement would root (Figs 10c, 3.3 g cm−3, respectively, and an initial crustal thickness of 15b and 16b) (Mattauer 1986a,b; Tapponnier et al. 1990a; 47 .5 km are taken (Fig. 17) , are consistent with extant estimates Meyer 1991). Geological evidence points to two zones under of Moho depths (Ma 1987; Wittlinger et al. 1996) , and yield which the mantle lithosphere of NE Tibet might plunge. One amounts of shortening of #190 and #140 km, corresponding lies south of the Kunlun fault, beneath the Miocene to to #30 and 26 per cent of the section lengths, respectively Quaternary plutonic-volcanic belt that stretches hundreds of ( Fig. 17a; Tables 4a and b) . The uncertainty on such numbers, kilometres west of Kusai Hu (#93°E, Fig. 1 ) (Norin 1946; which depends critically on the initial thickness, is large, Deng 1989; Arnaud et al. 1992) , past Ulugh Muztagh (Fig. 15a , typically of the order of 30 per cent ), but, Burchfiel et al. 1989a . The other is the Jinsha suture, the considering the slight difference in crustal density, both values boundary between the Qiangtang continent and the Songpan are compatible with those found with the other two approaches.
terrane, a broad wedge of strongly folded Triassic flysch overlying attenuated basement (Sengö r 1984; Mattauer et al.
Geodynamic consequences
1992; Wittlinger et al. 1996) . Both zones actually converge near 94°E, to continue westwards parallel to one another, less Given the kinematic connections of thrusts beneath the Qilian ranges with the Altyn Tagh fault, and the rigidity of the Tarim, than #100 km apart. The tectonic setting of the Kunlun fault, a strike-slip fault minimum amounts of shortening of 150, or 120±30 km would imply at least 196, or 156±40 km of Late-Cenozoic left-slip, that runs parallel to, and south of, the Kunlun range for more >126 km than 1000 km (Fig. 15) , along and north of the most recent, under the Kunlun, with slip partitioning in the crust (Figs 15a,b and 17b), (Matte et al. 1996) . The Jinsha suture, the calcalkaline volcanic belt of Tibet, is analogous to that of the Barisan fault along the Sunda arc (e.g. Fitch 1972) . A simple southern boundary of the thick, Songpan accretionary prism and western continuation of one branch of the sinistral Xianshuihe comparison with oblique plate convergence at active margins would thus suggest oblique subduction of the Qaidam mantle fault to the Fenguo Shan, might be another plausible locus of partitioning (Figs 15a and 17b) . The Songpan lithospheric grade from hill to range size. In general, the rising ridges trend #N120°E. All, including the largest, appear to be ramp mantle, which probably underlies a crust thinner and denser than elsewhere in Tibet, would then plunge under Qiangtang, anticlines. Their lengths scale with their widths (L /W #5-8), and hence probably with the ramp depths and cumulative as hinted at by the existence of a south-dipping zone with faster relative P-wave velocities down to #350 km south of throws. Near the Altyn Tagh fault, most of the thrust ramps dip south. Many of the largest mountain ranges, especially Fenguo Shan (Wittlinger et al. 1996) .
Tying the emplacement of Neogene igneous and volcanic near the edges of the Tarim and Gobi deserts, appear to be rising simultaneously today. They have comparable widths rocks just south of the Kunlun range to subduction beneath it and crustal shortening north of it would imply rough and heights, usually 20-50 and 4-6 km, respectively. They are roughly parallel, generally a few tens of kilometres apart, coevality between these processes. The bulk ages of the earliest well-dated such rocks west of 94°E are between #8 and 13 Ma, separated by piggy-back basins presently in the stage of fairly rapid sedimentary infilling. Most of the basins form local baseabout an average of 10.8 Ma (Burchfiel et al. 1989a; Turner et al. 1996) . To first order, a minimum of #150 km of crustal levels, with little or no fluvial outlet (Suhai, Ala Hu). Typical rates of throw or shortening on the thrusts appear to be of shortening in the last #10 Ma would yield a minimum rate of crustal shortening of #15 mm yr−1 in the N30°E azimuth. If, the order of a few millimetres per year, and typical amounts of cumulative displacement on the largest thrusts reach concurrently, the northeastern wedge of Tibet encompassing the Kunlun, Qiman and Qilian ranges and the Qaidam, 10-20 km. Most of the relief growth north of the Kunlun fault appears to postdate 11 million years. Farther north, the large Gonghe and Suhai basins had reached its average elevation of 3500 m above the 1500 m-high Gobi desert in about 10 Myr, ranges south of the Hexi corridor probably rose in less than 6 million years. Smaller ones along the eastern part then the average rate of regional uplift would have been #0.2 mm yr−1. The timing constraint derived from relating of that corridor may be of Quaternary age only, implying northeastward younging of deformation (Fig. 15c) . the Kunlun volcanics to continental subduction is comparable to that implied by sediment deposition in the Qaidam, which
In map view, the thrusts form a remarkably organized network, both geometrically and kinematically. Westwards, shows a marked increase after #11 Ma (Métivier 1996) . More than 1.5 cm of yearly shortening, at present, across the most of them bend into the sinistral Altyn Tagh fault. Towards the east, those north of the Suhai basin similarly merge with the many ranges and basement highs (>10) of the western Qaidam and Qilian Shan would be in keeping with the minimum sinistral Haiyuan fault. Those northeast of the Qaidam basin or bounding the Gonghe and Qinghai basins, by contrast, are shortening rate found across just one of them, the Taxueh Shan (1.5 mm yr−1). This cumulative value would also be cut and truncated by the NNW-trending, dextral, Wenquan and Haiyen faults (Fig. 15a) . In the west, but probably also consistent with shortening rates inferred across other youthful mountains of the region (1-4 mm yr−1; Tapponnier et al.
elsewhere, triple-junction vector sums help predict transfer and loss of coeval slip between fault segments that meet, implying 1990a; Zhang et al. 1990; Gaudemer et al. 1995) . Finally, such timing and minimum cumulative shortening rate would be small strains within the blocks such faults separate. Oblique motion across several large ranges appears to be partitioned consistent with a minimum sinistral slip rate of #2 cm yr−1 on the Altyn Tagh fault near 88°E, in agreement with previous between inner, range-parallel, sinistral faults, and outer thrusts with NNE to NE slip (Figs 15b and 16b) . Steep thrust ramps, estimates (Peltzer et al. 1989; Ryerson et al. 1997) .
whether emergent or not, appear to flatten into shallow southdipping décollements, at different depths within the crust.
SUMMARY AND IMPLICATIONS:
Active thrusts have migrated up to #15 km into the mountain GROWTH AND RISE OF THE TIBET forelands, in discrete steps, as previously documented over PLATEAU horizontal distances of at most #3 km in northern Japan (Ikeda 1983) . The youngest ramp anticlines thus fold gently The work presented here is part of a decade-long effort to understand the mechanics of Late-Cenozoic shortening in the sloping, contemporaneous fanglomerates for great distances across piedmont bajadas, which yields spectacular geomorphic remote highlands of NE Tibet, an area where recent, coeval thrust faulting is more ubiquitous, and spreads over a greater snapshots of fold growth, with bottleneck cluses in the drainage incising spearheaded, almond-or teardrop-shaped terrace tonsurface than anywhere else in Asia or in other regions of plate convergence. An increase in our SPOT image coverage, access gues, depending on whether the thrust ramps break the ground surface or not. to many different field areas and the use of digital topography now enable us to draw, at the appropriate scale, a comprehenThe overall picture is strikingly reminiscent of the thrust organization commonly found in thin-skinned sedimentary sive picture of deformation between the Kunlun fault and the Gobi. Our results strengthen the view that current deformation fold and thrust belts (e.g. Boyer & Elliott 1982) , but the scale is gigantic. Here, ramp anticlines reach mountain-range size processes over the entire NE quarter of Tibet, a surface of about 1/2 million square kilometres, provide the key to underand can fold layers of crust 20 km thick or more. Much of the crust seems to be decoupled from the mantle at the scale of standing the growth and uplift of the plateau, much more so than those responsible for the rise of its southern rim, the NE Tibet. The ongoing deformation suggests that a vast (500×1000 km), active, lower-crustal décollement underlies the Himalayas.
Qilian ranges, Qaidam basin and other regions between the Kunlun fault and the Gobi, and deepens southwestwards to 5.1 Plateau building: role of coeval crust/mantle root into a deep mantle megathrust, south of the Kunlun décollements and strike-slip faults range. Beneath that décollement, the lithospheric mantle apparently remained rigid, except along ancient sutures. Hence, the The whole region north of the Kunlun fault is the site of vigorous mountain and fold growth. Such youthful reliefs crust of NE Tibet thickened while the mantle did not, forming a huge acccretionary wedge, probably the broadest and thickest to absorb part of the NE-directed motion of Tibet relative to Siberia (e.g. ; Peltzer & Saucier of its kind on the planet. First-order estimates of amounts of crustal shortening in that wedge imply that the mantle sub -1996) . The exceptional width of the zone of active overthrusting in NE Tibet thus appears to result from fast propagation of a ducted obliquely southwestwards to depths of at least 200-300 km, beneath and south of the Songpan terrane (Figs 16 large strike-slip fault. Such strike-slip-controlled mountain growth is unlike that observed in narrower belts such as the and 17). Some lower crust may have remained attached to the foundering mantle (Figs 15b and 16b) . The thickness of the Alps and Himalayas, where one major thrust tends to stop at the expense of a new, adjacent one because of the increase in lower-crustal layer thus underthrust is unknown, but if it exceeded 10 km then the amounts of surface shortening and gravitational potential energy (e.g. Molnar & Lyon Caen 1988) . In NE Tibet, many large thrusts keep functioning mantle subduction would be increased by more than 20 per cent. We relate the Miocene to Quaternary volcanism and together, building distant ranges of comparable elevation separated by broad basins: hence the remarkably vast area subject plutonism along the south flank of the Kunlun to such oblique subduction of lower crust and mantle into the Tibetan to coeval crustal thickening and the high, albeit unexceptional, elevation. In short, the process now at work across NE Tibet asthenosphere (see also Matte et al. 1996) .
The importance of large décollements within the crust has is better suited to creating a wide plateau (stars, Fig. 14) than a towering mountain belt. Rather than being sliced and stacked long been pointed out (e.g. Boyer & Elliott 1982; Bally et al. 1986; Mattauer 1986a,b; Beanland & Berryman 1989;  up to great height and depth over a relatively narrow width, the crust thickens more moderately over a huge surface. Tapponnier et al. 1990a; Mattauer et al. 1992; Cook & Warsek 1994; Lacassin et al. 1996; Yeats et al. 1997) , and the mechanical comparison of thrust belts with accretionary wedges has led 5.2 Early propagation of lithospheric strike-slip faults to substantial advances in the understanding and modelling of and diachronous crustal thickening domains in Tibet mountain ranges (e.g. Davis et al. 1983; Dahlen et al. 1984a Dahlen et al. , 1984b Malavieille 1984; Mattauer 1986a,b; That the Altyn Tagh fault limits all the thrusts of the region (Fig. 15a ) supports the inference that it formed first, and rapidly Caen 1988). What makes the thrusts and décollements discussed here unique is their coevality over a particularly vast cut through the entire lithosphere. The crust north of the fault would have otherwise shortened much more than it did. In surface, their 3-D interaction with particularly large strike-slip faults, and the geomorphic consequences of the growth of a effect, established strain softening and localization along the fault prevented areas north of it from yielding to the shortening particularly thick-skinned wedge inside a continent. All of these characteristics have a direct bearing on plateau-rather regime already well underway in the south. Although the mechanical strength of the Tarim block (e.g. England & than mountain-building. Also, the fact that faulting is recent and active, and hence that coevality can be rigorously estabHouseman 1985), as well as elements of the tectonic fabric inherited from Precambrian and early Palaeozoic times problished, allows interaction and growth processes to be deciphered in unrivalled fashion. It is possible to watch the system ably played a role in guiding the initial path of the strike-slip fault, we infer lithospheric localization to be the most plausible at work, and to unravel its evolution in ways that are out of reach in more ancient orogens.
interpretation of a change in style, direction and amount of deformation as radical as that observed across the fault The horsetail geometry of large thrusts south of the northeastern stretch of the Altyn Tagh fault implies that the NE (Figs 10, 12, and 15) . A recent tomographic profile near 90°E, which reveals a steep, low-P-wave velocity anomaly down to Tibetan highlands have grown obliquely, in connection with propagation of that fault towards the NE. Such propagation #150 km beneath the Altyn Tagh fault (Wittlinger et al. 1998) , appears to confirm that it is a lithospheric shear zone rather must predate regional mountain building, because the strikeslip fault now extends much farther east into the Gobi-Ala than just a crustal ramp, as inferred by many (e.g. Burchfiel et al. 1989b ). Shan platform (to at least #102°E) than does the present boundary of the highlands along the Hexi corridor (Figs 1 That strike-slip faults propagate readily in the lithospheric mantle may explain why large-scale extrusion played an essenand 15a). As the fault grew, it appears to have successively shed thrusts at high angle towards the SE (Figs 12 and 15c) , tial role throughout the Indian collision history (e.g. Lacassin et al. 1997) , as demonstrated by slicing and weakening the crust. The fault subsequently bypassed those thrusts, its propagation rate being probably the existence of another large Tertiary shear zone along the Ailao Shan and Red River in south China (e.g. Tapponnier much faster than its slip rate (e.g. Briais et al. 1993; Armijo et al. 1996; Manighetti et al. 1997) . The timing of propagation et al. 1990b; Leloup et al. 1995; Schärer et al. 1994) . The age and nature of either of these zones makes the popular view is still poorly constrained, but the northeastward younging of the onset of rapid sedimentary infilling in the basins south of that strike-slip faulting is a late and shallow-hence minorside-effect of continental thickening during collision (e.g. Dewey the fault (Na to Nd, Fig. 15c ) offers a lead (Métivier 1996) . Taking changes in sedimentation rates to reflect enhanced et al. 1988; England & Houseman 1986; England & Molnar 1990 ) untenable. mountain building in regions adjacent to the fault due to its growth would suggest a northeastward propagation rate of Like the Ailao Shan-Red River shear zone, the Altyn Tagh fault illustrates a simple tenet of continental tectonics. Scaling the order of 10 cm yr−1 or more (Fig. 15c) , at least five times its present, minimum slip rate near 90°E (2 cm yr−1) (Peltzer laws and kinematics require that fault zones and mountain belts that stretch continuously for lengths of many hundreds et al. 1989).
While we interpret thrusts south of the Altyn Tagh fault to to thousands of kilometres, as plate boundaries do, root into lithospheric cuts, while shorter features that are more seghave initially formed in a large process zone (e.g. Armijo et al. 1996) at the tip of the fault, they subsequently continued to mented, at the scale of tens to less than two hundred kilometres (Fig. 14) , only or principally affect the crust. On the map of grow and develop, shortening the crust north of the Kunlun Fig. 15(a) , for instance, only the Altyn Tagh fault and Altyn Qiman Tagh and Kunlun Shan. The scales, geometry and styles of faulting in both zones are comparable enough to Range, the Kunlun fault and Kunlun Range, and the Haiyuan fault and North Qilian Range are long and continuous enough suggest a similar origin. We interpret such faulting to have formed within fairly long-lived, right-stepping push-ups to reflect slicing of the lithospheric mantle beneath. Concurrently, only those long fault zones have slip rates that coinciding with restraining bends related to deviated propagation of branches of the Altyn Tagh fault along pre-existing, reach or exceed 1 cm yr−1 (e.g. Zhang et al. 1988; Lasserre et al. 1997; Ryerson et al. 1997; Van Der Woerd et al. 1998) .
weak lithospheric discontinuities-the Kunlun and Qilian sutures-that it ultimately cut and displaced. Such deviated This simple principle guided the construction of sections in Figs 16(b) , 17( b) and 18(b), and may be used to unravel largepropagation is commonly observed in analogue indentation experiments . If a similar rhombscale continental deformation anywhere.
The map of Cenozoic relief and faults of northern Tibet shaped connection existed north of Fenguo Shan between the Kunlun and Xianshuihe faults (Fig. 15a) , a similar deviation (Fig. 15a ) draws attention to remarkable similarities between the Kunlun and the Altyn Tagh faults. Most of the thrusts might have occurred there, for the later fault roughly follows the Jinsha suture. At a greater scale, the entire area south of the Kunlun fault, between the Fenguo Shan and Anyemaqin, strike 30-40°clockwise from this fault, as do the encompassing the Qaidam basin and Qilian Shan might be thought of as having originated in a similar fashion, but Qilian thrusts relative to the Altyn Tagh fault, south of it (Fig. 12a) . North of the Kulun fault, by contrast, thrusts tend although this area stands within a very large restraining bend of the Altyn Tagh-Haiyuan fault system (Fig. 1, 15a) , the three to parallel this fault, implying that the Kunlun and Qiman Shan are just mature counterparts of the Altyn Range main strike-slip faults that bound it all remain active, and that bend is now becoming outgrown by the continuing (Fig. 15c) . Thrusts south of the Kunlun are older, however, since they typically emplace Triassic flysch over Lower-to propagation of the Altyn Tagh fault towards the northeast. Mid-Tertiary red-beds, and only a few of them remain active. This, together with erosion, including longer and more extens-5.3 Smooth, high topography, and infilling of rhombive glacial abrasion, explains the much smaller relief observed shaped basins closed by tectonic catchment cut-off there than north of the Qaidam. As in the Qilian Shan, however, the overall landscape is still one of broad basins
The most striking element of the landscape of northeastern Tibet is the existence of immense, relatively flat, Tertiary basins separated by long ranges oblique to the Kunlun fault, which veer and terminate along it. It is thus tempting to infer that, that stand nearly 3000 m a.s.l. (Figs 10, 15 and 16) . Many such basins are rhomb-or triangular-shaped, because they are like the Altyn Tagh fault, the Kunlun fault propagated towards the east (Fig. 15c) , forming a major Mid-Tertiary lithospheric bounded by Late-Cenozoic faults with different strikes. Most of the highest basins have no present fluvial outlet, and thus boundary, and contributed to the initiation of the building of the north-central part of the Tibet Plateau, south of the form local base levels. Such is the case, for instance, for the western Gonghe, Qinghai, Ala Hu, Suhai, Qaidam, Ayakkum Kunlun Range, in a way analogous to that later triggered in the Qaidam and Qilian Shan by propagation of the Altyn Kol, and Achik Kol basins. A few other basins, although surrounded by towering ranges on all sides, are still drained Tagh fault. In keeping with this interpretation, one would predict eastward younging of the onset of sedimentation in the by large rivers, such as the Tang He, Sule He, and Huang He, whose incision power has kept pace with the growth of the Tertiary intramontane basins south of the Kunlun fault (Ea to Ed, Fig. 15c) . mountain barriers. But even these rivers, whose flow swells and shrinks in tune with climate change, have had difficulties Relative fault orientations in southeastern Tibet and Yunnan suggest that, even earlier during the Tertiary, similar coupling maintaining a steady outlet towards the lowlands peripheral to Tibet. This is best illustrated by the kilometre-thick between thrusts and lithospheric strike-slip shear took place southwest of the Xianshuihe and Red-River faults (Lacassin Quaternary deposits that the Huang He, greatest river of northern Tibet, has accumulated in the eastern Gonghe and et al. 1996, 1997) . This further suggests that the now rather uniform expanse of high topography that is generally referred Guide basins, upstream from the forbidding, hundreds-ofmetres deep canyons with impassable vertical walls that it has to as 'The Tibet-Qinghai Plateau' is in fact composed of three distinct Cenozoic domains, corresponding to different lithosphincised across the Qinghainan and Tachi Shan. It thus appears that damming of rivers by fast tectonic uplift eric blocks separated by oblique-slip boundaries , whose crust thickened and whose elevation rose of the ranges above the Late-Cenozoic thrusts has cut off catchment outlets, isolating the vast, now internally drained above 4000 m a.s.l. in three successive, northward younging steps (Fig. 18) . Possibly, there might exist no orogenic plateau basins of northeastern Tibet, and will continue to do so as the mountains rise higher and the faults propagate farther. In this as broad as Tibet without strike-slip shear zones propagating rapidly through the lithosphere. And it might be no coincidence process, the role of transpressive strike-slip faults is essential. Because such faults typically strike at angles of 20°-50°from that the largest plateau on Earth is associated with the largest intracontinental strike-slip faults. the thrusts, they provide an efficient way to sever drainage parallel to the ranges and isolate rhomb-shaped, completely The map of Fig. 15(a) also reveals similarities in the bends connecting the Altyn Tagh fault with the western Haiyuan and mountain-locked basins. Local, fairly high base-levels, all disconnected from the adjacent lowlands, are thus created. Kunlun faults. Both faults trend #30°more easterly than the Altyn Tagh and veer clockwise near it. Both lie south of Subsequently, such levels are free to evolve independently, but can only rise further with the influx of debris from the rhomb-shaped, thrust-bounded mountain zones, about 400 km long and 200 km wide, that harbour broad basins in their surrounding mountains, until they reach the residual elevation of the eroding ranges between them. We infer that it is the centres-the Tang He-Yema He basin between the Tanghenan and Qilian Shan, and the Ayakkum Kol basin between the ultimate coalescence of such base-levels that yields the high, but remarkably smooth and flat topography that characterizes the shift to the now widespread extension on top of the Plateau, and the triggering of the monsoon in the Mid-Miocene the surface of the Tibet Plateau.
The interplay, presently seen at work north of the Kunlun, )-all phenomena whose 'sudden', coeval onset is doubtful-requires that the lithospheric mantle first between tectonic uplift of distant, narrow ranges, and erosion and sedimentation within doomed catchments may thus prothickens (England & Houseman 1986 ) before some of it can detach and sink. Since our observations suggest subduction vide a simple mechanism for flattening the surface of orogenic plateaus over broad areas. Northeastern Tibet is home to the rather than thickening of the lithospheric mantle under northern Tibet, and since no process other than those we document clearest examples of small, smooth-surfaced, high plateaus in a state of swift growth and rise that we have seen. The most in the crust seems needed to build the relief to current Tibetan heights gradually, we find convective rebound to be prominent of all is the Qaidam, which is entirely rimmed by Cenozoic faults and 5-6000 m high ranges, and whose baseimplausible. level already reaches an average elevation of nearly 3 km a.s.l. over a surface of #103 000 km2 (Figs 1, 15 and 16) . The 5.4 Sequential, south-directed subduction of Asian exceptionally rapid Plio-Quaternary infilling of that basin, at lithospheric mantle in response to India's push rates equal to or greater than present-day ones in the Ganges plain or Bengal fan, requires tectonic cut-off of an oulet that That the lithospheric mantle of inner Asia might subduct southwestwards along the Kunlun, under the edge of northern used to drain, probably into the Huang He, the catchments that subsequently fed the huge volumes of sediments accumuTibet, is neither surprising nor inconsistent with generally accepted models of lithospheric convergence in other large lated in the basin (Métivier 1996) . In a sense, elevation rise and surface smoothing by dammed sedimentation is akin to mountain ranges such as the Alps or Himalayas (e.g. LyonCaen & Molnar 1984) . But such subduction did not follow 'bathtub' infilling, but with decreasing relief, and hence diminishing erosion rates along the mountainous edges of the tub, closure of a recent ocean basin. It was triggered anew sometime in the Miocene by the stresses that India applies to the rest of acting to slow down sediment infill and prevent overspill.
Large parts of the Tibet Plateau south of the Kunlun have the Asian continent, and probably corresponds to only the most recent stage of a process that has repeated itself, by in fact more to do with basins than with mountains, and probably acquired their smooth morphology through that jumping northwards at least twice, since collision began, 55 or 60 million years ago (Fig. 18 ). infilling process. Although this may seem a paradox, both the geology (Geological Publishing House 1988) and topography
The simple logic here is that the topographic bulge of crust thickened by the impingement of India must have had, from (Fielding et al. 1994) imply that much of the vast and flat 'plain' that forms the roof of the world is better described, despite its the start, a northern edge. Initially, such an edge probably lay rather close to the Zangbo suture, albeit north of the Gangdese 4-5000 m elevation, as a mosaic of coalescent basins separated by far-apart ranges than as a continuum of closely packed batholith. This northern edge would have provided a particularly favourable place for north-vergent thrusts to develop. mountains. This view is consistent both with the variable Moho depths, beneath crustal domains that apparently experiIncreasing amounts of crustal shortening on such thrusts would have forced the mantle of lowlands farther north to enced different amounts of thickening, found in local seismic studies of central and northern Tibet (Hirn et al. 1984;  plunge southwards under that edge. Concurrently, Tibet's Palaeozoic and Mesozoic accretion history, which resulted in Wittlinger et al. 1996) , and with the recent discovery of significant oil reserves in the middle of the plateau (Xu Zhiqin, blocks and sutures younging towards the south (e.g. Sengö r 1984; Chang et al. 1986; Matte et al. 1996) (Fig. 18b) would personal communication). It implies also that large regions of Tibet, particularly in the north, are underlain by thick piles of have fostered sequential triggering of south-directed subduction north of the Gangdese. Each suture, forming a lithospheric cut low-density rocks, which may in large part account for the very low crustal velocities revealed by recent seismic with the oldest, and hence densest and strongest block to the north, would have provided, in turn, an appropriate starting tomography experiments (Wittlinger et al. 1996) .
We infer 'bathtub' infilling to have played an important part point for mantle underthrusting, with a tendency for the north side to plunge southwards (Figs 18a and b) . The Cenozoic in the formation of other fairly broad, if less high, orogenic plateaus that harbour large, internally drained basins surgrowth of the high plateau would thus have been characterized by mantle subduction polarities generally opposite to those rounded on all sides by rising mountains, such as the Altiplano in the Andes, or Central Iran. Ductile flow of the lower crust that presided in the Palaeozoic and Mesozoic assemblage of Tibetan terranes by collage of far-travelled blocks along the (e.g. Owens & Zandt 1997) may be involved in smoothing Moho depth irregularities, and hence surface topography (e.g. southern rim of Laurasia. Crustal shortening might have started also in regions well Fielding et al. 1994; Avouac & Burov 1996) within Tibet and other plateaus. However, while such a deep-seated mechanism north of the former plateau boundaries, as observed today in the Tien Shan, north of the Tarim basin. This might have led is physically plausible, and may contribute to making surface elevation even more uniform by raising certain areas at the to north-directed foundering, beneath such outlying regions, of the mantle of strong intervening blocks. It is possible, for expense of others, it ought to intervene at a later stage, and uncontroversial evidence for it has yet to be found.
instance, that the Qiangtang-Songpan and Qaidam mantles plunged under the Kunlun and Qaidam Shan, in the Eocene Throughout northern Tibet, whether north or south of the Kunlun range, we found little evidence of a large rebound of and Early Miocene, respectively. However, the ultimate incorporation of these blocks and regions into the growing highland the topography that might testify to convective removal of the lower part of the lithosphere (e.g. England & Houseman 1989) . mass implies that north-dipping mantle subduction, if any, should have been short-lived, and soon replaced by subduction The existence of such an instability, invoked to explain, simultaneously, a rapid uplift of Tibet to greater height than today's, dipping inwards beneath the northern topographic edge of the highlands. At all times, the situation would have tended to and suture reactivation-than those underlying models in which finite-amplitude buckling is surmised to trigger both evolve towards that of today, which appears to be characterized by inward downwelling of cold mantle beneath all the outer widespread, coeval mountain growth and mantle downwelling (e.g. Molnar et al. 1993; Jin et al. 1994 ; Martinod & Davy boundaries of the plateau, as suggested by surface-wave tomography (Griot 1997 (Griot ). 1994 Burg et al. 1995) , neither of which prediction seems to be supported by observations (Figs 14, 15 and 18) . The sequential evolution that we find mechanically most plausible and most consistent with extant geological evidence is outlined in Fig. 18(a) (Bourjot 1991) . The northward young-5.5 Plate-like tectonics versus diffuse deformation during ing of Tertiary red-bed basins suggests a succession of at least continental collision two distinct accretionary forelands north of the Gangdese. Along and north of the Tanggula range, Palaeogene red-beds, With regard to the mechanics of large-scale continental deformation during collision, the most significant implication of the now strongly folded, cover the Jurassic and Cretaceous sediments of the Lhassa and Qiangtang blocks (Geological interpretation shown in Fig. 18 is that, while crustal strain in Tibet is distributed and may seem complex, an impression also Publishing House 1988; Chang et al. 1986 ). Remnant patches of roughly coeval red-beds also unconformably cover the conveyed by the widespread shallow seismicity, deformation at the lithospheric mantle level may have been simpler, and Songpan flysch farther north. North of the Kunlun range, by contrast, the greatest thicknesses of Cenozoic, molassic deposits comparable to plate tectonics. At any time, such deep deformation may have involved only a few long, oblique mantle are of Neogene age. We thus infer that south-dipping subduction of the Asian mantle first developped in the Eocene a megathrusts, akin to oblique subduction zones, which formed by reactivation of ancient sutures, the most ready-made few hundred kilometres north of the initial contact between India and Asia, along the western, deeper part of the Bangonglithospheric cuts. The relative motions of large, strong mantle blocks along these deep boundaries would merely be concealed Nujiang suture, together with strong crustal shortening in the Tanggula range and sinistral shear along the shallower trace by the more complicated behaviour of the decoupled crust at shallower levels. Crustal slip partitioning would occur above of that suture (Matte et al. 1996) . At that time, thrusting probably spread far into the Qiangtang and Songpan blocks, such boundaries, as at oblique convergent margins. Together with modelling of the contemporaneous kinematas observed now north of the Kunlun. One significant difference may have been the persistence of greater residual topography ics, which implies little internal strain within blocks between large, fast-slipping faults (e.g. ; from Late Mesozoic orogenic episodes in that region than farther north. Later, as the Songpan terrane became part of Peltzer & Saucier 1996) , the conclusions we reach on lithospheric mantle motions beneath Tibet suggest that one might have the collisional highlands, south-dipping mantle subduction developed along the western Jinsha and Kunlun suture in the to revise the now ingrained view that plate tectonics dramatically fail when applied to continental interiors in general and Early Miocene, a northward jump of a few hundred kilometres, leading to accretionary growth of the plateau along the Kunlun to the India-Asia collision zone in particular (e.g. ). Buried plate tectonics might take place under and and in regions farther north, coupled with continuing sinistral slip on the western Altyn Tagh-Kunlun, and Xianshui He around Tibet. Rapid, early, strike-slip fault propagation, development of faults. The eastern Altyn Tagh and Haiyuan faults developed even later in the Mio-Pliocene, to yield a situation that may thrusts in the wake of the propagating fault-tips, large-scale crust/mantle decoupling on broad décollements, development ultimately lead to mantle subduction under the Qilian Shan, the present-day outer limit of the Tibet-Qinghai highlands.
of subcrustal mantle subduction along pre-existing sutures, and tectonic pirating of drainage catchments, followed by Overall, successive jumps of the northern edge of the Plateau and of the site of mantle subduction thus appear to have rapid infilling of the resulting captive basins by low-density sediments seem to be the main processes needed to build followed the successive activation of strike-slip faults by India's penetration into Asia ; Lacassin continental orogenic plateaus of Tibet's size. This conceptual framework is radically different from that et al. 1997).
Clearly, the first-order model shown in Fig. 18 is not unique, of dynamic models in which the continental lithospheric mantle is taken to behave as an integral part of a thickening, thin and should be seen as little more than a working hypothesis. It includes, however, first-order tectonic features that are viscous fluid sheet, with no decoupling or strain localization (e.g. England & Houseman 1986; Houseman & England 1986 ). overlooked in all attempts to model Tibet as a uniform entity. In particular, it accounts for the three #E-W belts of greatest Should the interpretation consistent with our analysis of the Cenozoic crustal deformation be corroborated by seismic topographic elevation and tectonic strain within the plateau, the Tanggula, Kunlun and Qilian ranges, where prominent imaging and measurements of palaeo-elevation changes, then such models, and their most speculative consequence-wholeCenozoic folding and thrusting are intimately associated with strike-slip faulting: such belts are inferred to correspond to the sale, rapid plateau rebound to an elevation well in excess of today's (England & Houseman 1989; Molnar et al. 1993 )-three main, discrete, diachronous sites of mantle deformation between the Himalayas and the Gobi since collision began. might have to be dismissed. The thin viscous sheet approach might still be applicable to strain in the crust (Holt et al. 1995 ; Hence, this model offers a more realistic path towards understanding the structure and tectonic history of Tibet than the Royden 1996) but mantle-plate motions involving both strike-slip and subduction should be taken into account. many scenarios based on steady consumption of the lithospheric mantle along one or at most two zones through the entire Although the large-scale section we propose (Fig. 18 ) differs from that of Mattauer (1986a,b) , who suggested that lithosphcollision span (e.g. Willet & Beaumont 1994; Westaway 1995; Royden 1996; Nelson et al. 1996; Owens & Zandt 1997) . Also, eric mantle now plunges south under both the Kunlun and the Qaidam, that suggestion was important. For there is a key it appears to rest on more realistic processes-fault growth
